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ABSTRACT
DESIGN STUDY FOR A 15 BEV ACCELERATOR BUILDING
By Peter Leal Floyd and John Insco Williams
Submitted for Degree of Master of Architecture,
School of Architecture and Planning,
Massachusetts Institute of Technology,
August 24, 1953
The problem presented to us by the Cambridge Design Study Group in
March 1953 was to help formulate a program and propose solutions for the
design of a structure to house a 15 Bev particle accelerator and associated
research and service facilities. The proposed accelerator would be the
largest and most.powerful "atom smasher" in the world, being 7- times more
powerful than the Cosmotron at Brookhaven National Laboratory, presently
the world's largest accelerator. Actually this new machine would only be
a pilot model for future development of larger, more powerful accelerators.
Designs have been suggested for a site at Harvard University and an open
site near Boston.
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INTRODUCTION
This design project was undertaken by us in March 1953, at the request
of Mr. Stanley Livingston, Director of the Cambridge Design Study Group,
which was in the process of designing a high-energy particle accelerator
under contract with the Atomic Energy Commission. Our study was carried
out in two phases: the first included development of the program, and
design of a laboratory facility located at the area about the existing
Harvard Cyclotron on the Harvard University campus; and this work was carried
out through the month of June 1953; the second phase included the restatement
of the program and a solution to fit an open site in the country, near Boston.
Work on the first phase included numerous conferences with Professor Livingston
and other members of the Cambridge Design Study Group. A firm of professional
architects was called in to make a detailed study of the minimum facility
while we prepared a somewhat more ideal study, both on the same general location.
A photostatic reproduction of portions of the "Design Study For A 15 Bev
Accelerator" covering a description of the project and of our work on the study
forms the major portion of this written report. This is followed by a
description of the second phase of the study describing the design of the
laboratory on another site, particularly the important differences between
the solutions on the two locations. As practically no reference material is
available on this subject our research was carried out through conferences,
interviews, and visits to other accelerator installations. The authors have
inspected the Cosmotron at Brookhaven National Laboratory, the Harvard
Cyclotron, the M.I.T. Synchrotron, the Cornell Synchrotron and the-Cyclotron
at the University of Rochester. A reproduction of an article describing
development of accelerators which was published in the May 1953 "Scientific
American" magazine provides a good introduction of the subject to the layman.
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A 100 - BILL RION -VO -r
AC CELERATOR
A year ago subatomic particles were for the first time
accelerated to energies of more than a billion clectron
volts. Now a much more powerful machine is in prospect
l.y lF;rne't I). I otiranit
THE HISTORY of atomic physicsfor the past 25 years in a sense isepitomized hy the rise in eitergy of
the machines built to attack the nuIcleus
of the atoin. In 19-30 the most iteretic
accetlerator ixnbarded the niceus'with
IW(M).(MM electron volts. Since then the
energv of the machintes has been in-
creased rouighly by a factor of 10 everv
six vears [sec chart on the opposite
pang'J]. And each jiump iii entergv has
opeined a new field of exploration into
the nucleus.
Today the most energetic macinme
we have is the Cosinotron at the Brook-
haven National Laboratory. which ac-
celerates bombarditig particles to 2.3 bil-
lion electroi volts ( Bev). The Univer-
sity of California will sot put iiito oper-
atioiI a somewhat larger machine of the
sait'm type that will retach 6 Bev ["The
beato."h Lloul Smith: S( n:\ Iurie
AmI.nIic s.Chruirry. 19511. Butl to) ret
to a higher order of elierg y. a1 iew priln-
ciple is iietled. just ats w%-ias requlirtd for
cac jmlilp ill the past. Such a prilnciple
has beeni w\ orked olit in the last It.'. .
moiths by i grouip at Brookhaivien. Tihe
et-sigtI is called the "strolig-focu'lsing
synhrotro. aid with it phy sicists hope
to reach 100 Bev. A matchile of :30 Bev
along these lies alreadv is being de-
signed by the uiilders of the new ccitral
uilear research laboratoiy piojected by
a group of European coitiies.
Before we discuss the iew idca. let
is review britfly the rtasins for the
scrmitiliblt. to prouie' higher ntetrtgios.
Essentially what we wanit is to) get a
hetter bok at the extrecmely tiny\ nuclei
of atomls. To See what solmething- hloks
like \%( g-enlerally shinec lighIt fin it. When
-4-
tIi - l jct is smaIL. ut may nted a mi-
croiscp. But for atomis III illich i I . n a
m IiCrosop wS()N \ill no( t doI1 . h1 ~ it C.II anI III-
wavelengIth of lighllt. An] aO t.i n111ul s
is Imaller than k \ n elt h ot 'Iisible
liglit Iby at factor 5(i  )million. It, diiI-
etcr is oitIy abmt 4)1 triliIitth It a
centimeter. To "see- it we v mut have\
wa-t\eleng'ths of someitthing-_ liketha i/A
OnlyI\ the atomic particleIs thenmu ho,, can
genera-ite such.I wavelngths.
A BEANi of palrticle(s. like a ha am of
lighlt. has the c rt riic of,
waves. InI accor-danlce uith quaniltumil
herthe waveleng4-th anoewiated w\ith
at given i parlticle decretasecs ws tlat par-
tiele's energyt ( pd ) ineno i.ses.
Whenl pr-otonls are- acck rte (I to Iall
enr I ofa w m1illion eh Itro m \Ohts
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ACCELERATOR TYPES are -howu iin diagram ab oe.
In linear accelerator itop) i hunches of particles cro-s
each gap between drift tuibie. jilt when the oscillating
charges on the tules are such a- to gise an accelerat-
ing LieL. Cyclotron t bottom. left) and n ebro-et clo-
troll I Iritrom center I %end particle- repeated4'ol I trotigh
the same gap in larger and larger circles. S nebiro-
tron i bottom rightI Leeps particle, on sane circular
path for whole acceleration by changing the strength of
the magnuet ic field that makes partivles rasel in virile.
(Mev),. their wavelength is about a tril-
lionth (10-12) of a centimeter. Thus with
a proton beam of this energy we can
"see" an atomic nucleus. The accelerator
that produces such a beam should really
be called an "atomic microscope" rather
than an atom-smasher.
Now to examine the forces within the
nucleus we need still shorter wave-
lengths, for those forces are exerted over
distances of 10-13 cm. or less. We can
obtain a wavelength of 10-13 by acceler-
ating protons to several hundred Mev.
When we bombard the nuclei of atoms
with beams in the energy range of 200
to 450 Mev, we begin to produce mesons
-the particles that are believed to have
something to do with the binding forces
of the nucleus. We know, furthermore,
that other mysterious particles appear
when the nucleus is attacked by the still
shorter wavelengths of the extremely
energetic cosmic rays. To investigate
those particles we need to bombard nu-
clei with billions of electron volts under
controlled conditions in the laboratorv.
The force fields around the proton
operate over distances of 10-14 cm., and
the investigation of these fields also will
require several billion electron volts.
With energies of 10 Bev or more we can
reasonably expect to produce and detect
the so-called negative proton, which so
far is only theoretical. And this is not the
end: the higher we go in energy, the
more questions arise and the more ener-
gy we need to answer them.
So the main problem in designing ac-
celerators is not where we want to stop
but how far we can go. Every successive
design has hit a ceiling beyond which it
could not practicably go. All accelerators
are based primarily on the same opera-
tipn: electric potential (pressure) is ap-
plied to a charged particle and acceler-
ates it across the electric field. The sim-
plest way to accelerate the particle to the
desired energy is to build up the pressure
to the necessary voltage. But this meth-
od, exemplified by the Van de Graaff
electrostatic generator, works only up to
a few million volts; beyond that it be-
comes too difficult to build insulation to
hold the high electric pressure in the
machine.
T HE CYCLOTRON solved this im-passe by accelerating particles with
a series of kicks across small electric
fields, instead of in one big field. The
particles travel in a circular path, being
bent into such a path by a magnetic field.
They get their boosts in energy at the
gaps between the D-shaped halves of the
circle [drawing at left, bottom of oppo-
site page]. Across each gap an electric
field is applied by an alternating current.
so timed in frequency that it applies a
kick to the particles in the direction of
their travel just as they reach each gap
during their revolution. The successive
boosts raise the particles to higher and
MILLIONS OF ELECTRON VOLTS (MEV)
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ACCELERATOR ENERGY shows a steady rise since 1925. DC stands for
direct-current machines; C, for cyclotrons; B, for betatrons; SC, for synchro-
cyclotrons; PS, for proton synchrotrons such as the Bevatron and Cosmotron.
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FOCUSING ACTION of alternately converging and diverging lenses, which
combine to give a net converging effect, demonstrates how the magnetic
fields in a strong-focusing system would hold atomic particles on a path.
higher speeds. As their speed increases,
they spiral out into larger and larger cir-
eles, so that they still reach the gaps
after the same interval each time, in step
with the oscillating field. Hence the pre-
scription for stepping up the energy of
eyclotrons is simple: build them bigger,
so the accelerated particles can spiral
out in larger circles. But again this works
only up to a point. When the particles
reach very high speeds, they begin to in-
crease in mass, according to relativity
principles, and now they take a longer
time for each round trip and fail to reach
the gaps in synchronization with the ac-
celerating field. The energy limit of a
cyclotron, for protons, is about 15 Mev.
The answer to the-cyclotron's limita-
tions was a change in design that com-
pensated for the particles' increase in
mass. The oscillator was made variable
so that it adjusted its frequency to the in-
creasing length of the particles' trip and
synchronized its boost with their arrival
at the gaps each time. This type of ma-
chine is called a synchro-cyclotron. A
further refinement was to make the mag-
netic field, as well as the frequency of the
electric field, adjustable. Now the path
of the particles can be kept constant:
The strength of the magnetic field is in-
creased as the particles gain in energy,
so that they always travel in the same
circle. This type of machine, called the
synchrotron, requires less magnet iron
than the synichro-cyclotron, because it
does not need a magnetic field ever-
where inside it but only near the fixed
orbit of the particles.
Brookhaven's Cosmotron and Califor-
nia's Bevatron are synchrotrons. They
have raised the acceleration of particles
to the billion-volt range, and in theory
there is no limit to the energy they coul(I
achieve. But there is a practical limit:
the size of the magnet. The Bevatron
magnet already weighs 10,(x) tons, and
a 30-Bev synchrotron would require at
least 100,000 tons of iron.
AFTER THE COSMOTRON went
into operation last summer, a group
of physicists at Brookhaven began to
speculate on how the magnet size might
be reduced to make practicable a much
bigger machine than the Cosmotron. In
tle Cosiioron( I tIe .particles ~ r l
through i doumghmnutt-staped tuibe. To
reach the billion-volt energy range they,
must go round and round through the
tibe for the enormous distance of 150,-
(X) miles. The slightest error in aiming
the particles when they are shot into the
tiube will take themi off the course long
before they reach their goal. They may
also be knocked off course bv collisions
with stray gas molecules in the evacu-
ated tube or by fhituations in the ac-
celerating voltage or frequency. The
Cosmotron's magnet keeps them in the
necessary orbit by means of corrective
forces that push the particles back on the
course when they begin to stray. Even
so. the particles must be given a fairly
wide channel to travel in, and that is the
main reason the magnets must be so
large. In the Cosmotron the pipe through
which the particles move is 7 by 36
inches in cross section, and the magnet is
eight feet thick.
Suppose that the straying of the par-
ticles could be controlled so closely that
they stayed almost exactly on a perfectly
circular orbit. Then the channel could be
THE COSMOTRON at Brookhaven National Labora-
tory is the largest accelerator yet built. In it protons
have attained an energy of 2.3 billion electron volts
I lev1. In the foreground is heavy concrete shielding.
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completion is 3 years. However, experience shows that unforeseen problems and additional
expenses arise in the development and construction of the first model of a new type of accel-
erator, and that such problems also increase the time schedule. We discuss the factors in-
volved in estimating a contingency cost figure in Sec. 11.1, concluding that a figure of 30 per
cent in both cost and time is reasonable. So the maximum estimated cost for construction is
$7, 900, 000, and the time for completion 4 years. Estimates of maintenance costs for opera-
tion after completion include an expected coordination of research activities with existing
programs at Harvard and M.I. T., and the collaboration of scientists from other universities
in the New England area. Operating costs are estimated at $ 750, 000/year, and include a
maintenance staff of 32 engineering and technical personnel and support for the research ac-
tivities of 30 scientists.
1. 2 Basic Design
The chosen maximum energy of 15 Bev and the estimated peak flux density at the
central orbit of 14 kilogauss require a central orbit radius r0 of 124 ft., following the
relativistic relation:
r [T(T + 2E 0 )]V2
0.3 B (meters) (1)
where. T is kinetic energy and E the proton rest energy expressed in Bev units and B is
flux density in webers /m2 at the orbit. With the number of magnet sectors and length of
straight section chosen, the overall radius of the magnet circle R is 160 ft. and the total
circumference is 1006 ft.
Magnetic field rises with time in a cycle reaching the peak field of 14 kilogauss
in about 0. 75 second; it is then reduced to zero in about 0. 6 second; pulses are repeated
at 2.0 second intervals. Justification for this time cycle is discussed later. Energy is
added to the particles by a radiofrequency voltage applied to accelerating gaps in the
vacuum chamber, at such a rate .that the particles maintain an essentially fixed orbit'
radius of 124 ft. The relation between particle kinetic energy and flux density given in
Eq. (1)is plotted in Fig. 1. 1 up to 15 Bev energy.
Orbital frequency of revolution f 0 is given for relativistic energies by:
f= [1 -((2)
This relation is also plotted in Fig. 1. 1 for energies up to 15 Bev. It can be noted that
the frequency increases very rapidly at low energies (where velocity varies with the square
root of the energy) but approaches a limiting frequency at relativistic energies. This rel-
ativistic orbital frequency fr is 0. 978 megacycles per second for the magnet circle radius
of 160 ft.
Orbital Stability
Orbital stability is provided by an alternating gradient magnetic field, in which the
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field gradient alternates between equal positive and negative values in successive equal-
length magnet sectors. The magnet gap is formed between pole faces shaped closely to
a rectangular hyperbola, in which the vertical component of field is proportional to the
radial distance from the hyperbolic axis. In this field the gradient dB/dr is uniform through-
out the gap and can be described in terms of the n-value at the central orbit:
no = r 0 dB I (3)
0
We argue in Sec. 1. 4 that the desired field shape is very close to that for which the gra-
dient dB/dr is held constant across the width of the gap.
The alternating gradients are produced in successive magnet sectors in which the
hyperbolic poles face alternately inward and outward. A pair of such sectors forms a
strong-focusing lens for particles moving in the orbit. The number of such pairs in the
orbit N, the n0 -value and the arrangement of field free regions between sectors (straight
sections) combine to determine the frequencies and amplitudes of betatron and -synchro-
tron oscillations. Our proposal for a set of mutually-compatible values for these para-
meters is justified in Sec. 1.4. However, we can introduce here the numerical values
and the more elementary factors leading to the choice.
The number of straight sections, which is also the number of double-sectors N,
is chosen as 48.' We want a relatively small number of straight sections so the waste
space due to sector end windings and fringing fields is small, and total circumferential
length of the magnet circle is a minimum. We want a number which has many factors,
to allow a wide choice in the symmetrical locations of accelerating units and focusing
lenses (6, 8, 12, 16, 24 in this case), and in the choice of harmonic order of the applied
radiofrequency. And we want a number which will accommodate all of the desired r.f.
units, lenses, injector, target chambers and pick-up electrodes.
The choice of N closely determines the no -value, taken as 310, if the number of
betatron wavelengths in the orbit is to be kept small enough so that it becomes practical
to control the magnetic gradient to stay between half-integral resonances to be discussed
later. We have chosen about 7 betatron wavelengths per turn as a suitable average value.
Straight sections are located in the centers of the vertically-focusing sectors only,
which results in a difference in focal properties such that the frequencies of the two types
of betatron oscillations are separated. The choice of 4.7 ft. straight sections provides
a splitting of about 1/2 wavelength per turn between the vertical and radial oscillations.
With an orbit radius r, of 124 ft., and 48 double-sectors, the magnetic length of
each is 16.23 ft. Allowance for fringing fields at sector ends makes the physical length
16.0 ft. With 4.7 ft. straight sections the total magnet circle circumference is 1006 ft. and
the overall radius is 160 ft. A double-sector is assembled from 4 sub-units, each of
which is half of a focusing sector. Location of the straight sections in the center of the
vertically-focusing sectors means that each double-sector has 1/2 vertical, 1 horizontal
and 1/2 vertical focusing sectors in sequence. This arrangement provides half as many
straight sections as for a symmetrical assembly and they are nearly twice as long. The
advantage is in the longer field-free region between magnets available for the r.f. units,
the lenses and the inflector. The smaller number results in putting essentially all straight
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sections to some useful purpose.
The field gradient required to give the n0 -value of 310 isldB/drl - 2.91 kilogauss/in.
(at maximum field of 14 kilogauss). It is obtained by using flatter hyperbolic pole faces
than were anticipated in the early days of the design study, before the effects or orbital
resonances had been analyzed. This shape of the hyperbolic pole faces allows the use of a
larger vacuum chamber than in early designs, without increasing the central-orbit gap
spacing which determines magnet power requirements. Pole face shape and chamber cross
section are illustrated in Fig. 2.6.
Several other advantages come from the flatter poles. Maximum flux density (on the
short side of the gap) is smaller, so saturation effects are reduced and can be corrected
more easily. The wave-form of betatron oscillations approaches more closely a simple
harmonic shape, reducing amplitudes for a given wave length. The effects of misalignment
and machining errors become less important. Also, the larger cross-section vacuum
chamber has an increased pumping speed so pump stations can be more widely separated.
It is true that synchronous oscillation amplitudes increase with decreasing n, but in our
design these amplitudes are not large enough to be damaging.
Magnet
The magnet cross section is shown in Fig. 2.1. Details of the design calculations
leading to the chosen dimensions are given in Sec. 2. 1; the dimensions and weights are
listed in the table of parameters, Sec. 1. 3. Coils are of hollow conductor and water cooled
to maintain constant temperature, in order to maintain constant physical dimensions and
reproducible power cycling. New techniques in magnet construction are proposed, to take
advantage 'of the savings possible in quantity production of many duplicate units. A first
indication of the savings possible with the alternating gradient magnet is observed in the
low weight of iron and the low power, both of which are less than half the corresponding
figures for the Cosmotron. The magnet power unit is similar to the Cosmotron power
supply, except for its lower power rating.
Correcting Lenses
Twenty-four four-pole alternating-gradient lenses are inserted in the straight
sections. Their purpose is to supply additional and controllable sections of field gradient
so as to keep the total no -value (integrated around the orbit) constant with time and so to
tune the betatron oscillations to stay between resonances. A programmed current cycle
exciting these lenses can be arranged to compensate for variations in the magnetic field
on the central orbit due to eddy currents, remanent fields and saturation effects. The
number of units is kept large so that the discontinuities introduced in the orbit are fine-
grained. With 24 lenses arranged in two sets of 12, there are nearly 2 of each kind in
each betatron wave length, and each lens produces only a small deflection in the particle
orbit. The design of the lenses is described in Sec. 2. 4.
Pole F ace Windings
A layer of 24 parallel pole face windings is to be cemented on each pole face.
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These will be powered by a time-programmed current cycle and suitably connected to correct
for the radial variations in field gradient. Each conductor is a flat copper strip of 3/16 x 1/16
in., separately insulated, so the layer is 1/8 in. thick. Details are given in Sec. 2.5.
Vacuum Chamber
An oval vacuum chamber formed of thin-walled (1/16-in.) non-magnetic tubing with
external dimensions of 4 in. x 1-3/4 in. fits between the pole faces, with space provided for
the two 1/8-in. layers of pole face windings cemented to the poles. This shape is chosen to
enclose the largest possible volume of magnetic field and yet to have structural strength
sufficient to withstand atmospheric pressure when evacuated. Further properties are dis-
cussed in Sec. 5.1.
Vacuum pump stations are located at each straight section, as 48 "package-units",
each consisting of a mechanical pump, diffusion pump, refrigerated baffle and all necessary
valves and gauges. Details are given in Sec. 5.3. Pump manifolds lead from the oval cham-
ber to the pump units at one end of each straight section. Cut-off valves are symmetrically
located at the other end of the straight sections, so sections of the chamber can be isolated
for maintenance and testing. The operating pressure prescribed for the chambers is
2 x 10 6 mm of Hg, which is necessary to keep gas scattering of the beam adequately small.
Injection
A 4 Mev Van de Graaff electrostatic generator equivalent to that used for the Cosmo-
tron is suggested for the injector. A Linac accelerator has also been considered and is
still a possible alternate, depending on the stage of progress of Linac development at the
time a decision on construction is required. The higher voltage of a Linac (say 12 Mev)
has certain advantages, in reducing gas scattering at injection, in reducing the range of
frequency modulation necessary in the r.f. accelerating units and in reducing the effects
of space charge at injection. However, uncertainties in the energy uniformity, the focal
properties of the beam and the- cost of development make it impossible to show a definite
overall advantage at the present time although in principal it should be capable of giving
much higher injection current. A 5-6 Mev vertical electrostatic generator has also been
considered, and represents another possible alternate. In this case the necessary 900
deflection of particles puts a more severe requirement on voltage stability, but not an
excessive one. Cost would be roughly proportional to energy. However, for the purposes
of this design study and for cost estimating, it seems best to use the horizontal 4 Mev
machine for which performance is known. More detailed estimating at a later stage will
show whether either of the higher voltage machines would be cheaper or would have com-
pensating advantages.
The only feasible injection scheme for the small vacuum chamber aperture appears
to be "one turn" injection. A narrow beam from the Van de Graaff generator enters a
straight section at a shallow angle and is deflected by an auxiliary pulsed magnetic field in
the straight section so as to enter the first magnet sector on the central orbit. After one
turn the beam would be ejectedby this same field, so the magnetic field is pulsed off as
rapidly as possible. The period uf one turn at injection is 11.1 microseconds, and the
pulse-off time of the field can be reduced to 1 - 2 microseconds by suitable design of the
magnet producing the inflecting field. So 80 - 90 per cent of the ions in the full turn will be
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retained in the orbit, available for acceleration and synchronous bunching. The major
problem is the design of the inflecting magnet to give a uniform field and a flat pulse with
short pulse-off time, discussed in Sec. 4.2.
Magnetic field at 4 Mev injection is 77 gauss. Some distortion is expected due to
eddy currents and remanent fields. The major component of remanent field can be biased
out by separate d. c. windings, if required. Radial distortion in field gradient will be
corrected by time-programmed currents in the pole face windings. Injection timing is
determined by the amplitude of the synchronous oscillations. If the loss in intensity is
to be less than 10 per cent, the accuracy of the magnetic field must be held to 1 part in 1000
during the injection interval. This requires a precision in timing of the order of 2 micro-
seconds. Proposed techniques are discussed in Sec. 6.1.
The beam of 4 Mev protons from the Van de Graaff generator will be pulsed for
about 15 microseconds at the source, timed to overlap the inflector pulse, to give the maxi-
mum peak current available from the ion source. An effort might be made to modulate and
phase this pulse at the initial synchronous acceleration frequency, to produce some pre-
bunching and so to increase the efficiency of capture into stable orbits. The ions can also
be analyzed at the source to accelerate only protons, thus allowing higher proton intensity.
and reducing electron loading in the accelerator tube of the Van de Graaff. (Heavy ions
are responsible for a large fraction of electron loading). Short pulses and intensification
of ion source operation might result in an increase of pulse current from the 1.0 milli-
ampere available with the present Cosmotron Van de Graaff to about 3.0 ma.
At 3. 0 ma peak proton current, with an effective injection interval of 9 p seconds,
the maximum number of ions which could be injected at each pulse is about 1.7 x 10i . If we
obtain 50 per cent capture efficiency into synchronous orbits the number of resonant ions
would be 8.5 x 1010 per pulse. However, because of the defocusing effect of space charge
at injection it seems unlikely that this large a number of ions could be held in stable beta-
tron orbits.
Radiofrequency Acceleration
The ions are accelerated by radiofrequency electric fields produced across insu-
lated gaps in the metal vacuum chamber, by magnetic induction in ferromagnetic cores
surrounding each gap. The cores are constructed of annular rings of ferrite, enclosed
in a copper shield, thus forming an untuned loaded cavity. The induction is produced by
r. f. currents in windings linking the core, supplied by broad-band power amplifiers.
Ion rotation frequency increases by a factor of 10.85, from 0. 090 Mc at injection
to 0. 978 Mc at maximum energy. The applied radiofrequency will be a suitable harmonic
of the orbital frequency, determined by the properties of the ferrite core and its shield
and by the r.f. exciting current and power requirements. Low harmonic order means
extremely low frequency at injection and demands excessive r.f. current and power.
The high frequency at maximum energy coming from the use of too high a harmonic may
exceed the range at which ferrites have suitable permeability and Q. Furthermore, the
loaded cavity will resonate at some frequency and its reactance will become capacitative,
depending on the physical dimensions and the properties of the ferrite; if the high end of
the frequency range is too far beyond the resonant frequency the current and power require-
ments will be increased. So difficulties appear at both high and low frequency extremes.
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Samples of six ferrites produced by the Philips Lamp Works and the General Ceramics
Company have been studied to obtain permeability, Q and dielectric constant as a function
of frequency between 0. 5 and 12 megacycles. The results are described in Sec. 3. 3.
Several samples show relative permeabilities between 350 and 500 at the lower frequencies
and 200 to 275 at the high frequency limit; none can be extended far beyond 12 Mc without
serious drops in permeability or Q. Neglecting cavity resonance effects, a suitable har-
monic order which fits these properties is the 12th, for which the starting frequency is
1. 08 Mc and the maximum 11.7 Mc. Preliminary knowledge of this limit, in fact, entered
in the choice of 48 double-sectors for the magnet parameter N, since this accommodates
several multiples and sub-multiples of the harmonic order 12.
Twelve accelerating units are proposed, symmetrically located in every fourth
straight section. Each unit has a core of ferrite consisting of 20 1-in. thick rings, with
an inner diameter of 5.0 in. and an outer diameter of 14 in. Total weight of ferrite in
each cavity is about 500 lbs. This is approximately the maximum amount which could be
located efficiently in a cylindrical copper can 34 in. long and 24 in. in diameter, so ar-
ranged that the insulated section of vacuum chamber in which the acceleration occurs
passes along the axis.
The choice of number of accelerating units is basically an economic balance between
the cost of the ferrite and the amplifier units and their r.f. power requirements. Total
power varies inversely with number of units and power per unit varies inversely with the
square of this number. On the other hand, an increase in the number of units increases
the cost of the ferrite and of the amplifier installations and the risk of tube failures. The
units must be installed in symmetrical locations in the 48 straight sections, and their number
should be compatible with the harmonic order to simplify the phasing of the several units.
(With 12 units operating on the 12th harmonic all units would be in phase, driven by identica.1
transmission lines from a common frequency source.)
Power and current requirements for the r. f. amplifiers for a chosen r. f. peak vol-
tage per. accelerating cavity depend in detail upon the impedance versus frequency charac-
teristics of the load formed by the loaded cavity and its feed configuration, as discussed in
Sec. 3.4. Due to a delay in the delivery of the ferrite disks for the full scale cavity model,
it has not been possible at the time of writing to carry out these impedance measurements.
However, a first approximation to the cavity impedance can be made and this allows a
rough calculation of the desired current and power requirements. The dependence of the
required power and current upon the ferrite characteristics is moderately involved even for
the assumed impedance as discussed in Sec. 3.4. It is also shown there that the power and
current requirements would be reduced if the high frequency end of the suggested frequency
swing of 1 to 12 Mc. could be decreased in frequency and/or the low end increased. The
problem of designing a broad band amplifier would, incidentally, atso be made easier.
With regard to the ferrite dimensions, it is shown in Sec. 3.4 that the required
current and power per cavity are approximately inversely proportional to . - In (r 2 /r ),
where Z is the length of the ferrite and r 2 and rl are its outer and inner radii, respec-
tively. Thus, for a given volume of ferrite, it is desirable to make the ferrite toroids
as long and slim as possible. On the other hand, the maximum possible lerngth of each
ferrite toroid is fixed by the field-free region in the straight section and the power then de-
creases (slowly) as r 2 /r 1 increases. We have chosen r 2 r 1r 3 as a practical maximum.
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A method of reducing the frequency swing and so the peak r.f. power and current
requirements is "frequency-jumping". The procedure chosen is to reduce frequency to
half twice during the cycle, thus halving the harmonic order each time. This reduces the
number of synchronous resonant bunches of ions and the total beam intensity to 1/4. How-
ever, the range of phase oscillation stability is increased in each jump so fewer particles
will be lost by phase instabilities or at the phase inversion point. (See Sec. 3.2) The net
decrease in intensity may be considerably less than the maximum indicated above.
The advantage of frequency-jumping is illustrated in Fig. 1.2 which is a plot of
the applied frequency with time during the cycle. We have chosen to start at the 24th har-
monic, with vi = 2.16 Mc. This increased initial frequency reduces the r.f. current and
power needed. The jumps occur at 4.-80 - 2.40 and 5.32 - 2. 66 Mc, so the range of fre-
quency swing in each portion of the cycle is the same. The 12 units would be in phase for
the first two frequency swings, using the 24th and the 12th harmonics; alternate units
would be phased at 00 and 1800 on the third frequency swing at the 6th harmonic. The
maximum frequency, vm = 5.85 Mc, is low enough to avoid operation at frequencies too far
above the resonant frequency of the loaded cavity. The fractional frequency swing is re-
duced to 2.71 to 1 and the band width to 3.7 Mc. This reduces to a minimum the problem
of designing and powering the r.f. amplifiers.
The Time Cycle
The time cycle of 0. 75 second rise time, 0. 6 second fall, repeated at 2 second
intervals, is a balance between power requirements and time average beam intensity.
Rise time determines the magnitude of the volts-per-turn needed for acceleration, which
sets peak ratings for the r. f. power amplifiers and the r. f. power requirements. The
rate chosen leads to peak ratings within the capabilities of the less expensive power tubes
and an average power small compared to that of the magnet. The 2-second repetition
rate establishes a duty cycle for the magnet of 1/5, calling for an average magnet power
demand of 400 kw. Further decrease of the duty cycle and the average power would not
reduce cost of the power supply significantly, since this is based primarily on peak require-
ments, but would reduce the frequency of beam pulses. A 5-second repetition rate is
reported by Brookhaven significantly to delay tune-up and research operations at the Cos-
motron. The cycle chosen seems a proper balance between these several factors, but
further study may justify a change before construction specifications are written.
Rise time of magnetic field, expressed as the time rate of change dB/dt, determines
the value of volts-per-turn required for acceleration, following the relativistically-
invariant relation:
V = Cr dB (4)
o dt
where r 0 is the orbit radius and C is the total circumference of the path. A basic rise
time of 0. 6 second to reach 14 kilogauss can be justified as a reasonable balance between
power requirements and beam intensity. This leads to an average value of 27. 0 kilovolts
per turn, which can be obtained with a synchronous equilibrium phase angle 40 of 300 by
a peak voltage per turn of 54.0 kilovolts. When divided between the 12 accelerating units
we have a peak r. f. voltage per unit of 4. 5 kilovolts.
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The phase angle may be increased to 450 or above at high frequencies, when phase
damping and frequency-jumping have reduced the phase oscillation amplitude; this decreases
peak voltage to 3.2 kilovolts per unit. Furthermore, the decreasing permeability of iron
and the generator regulation at high currents reduce this average value to still smaller
values at the peak of the cycle.
At injection the rate of rise of the magnetic field is reduced, primarily to decrease
r.f. power requirements at low frequencies. The limitation is loss of beam intensity due
to gas scattering associated with the slow acceleration. Magnet power is not increased
significantly by stretching the low-current end of the cycle. Eddy currents at injection
time are reduced and the transient-excited eddy currents when the rise-rate is increased
to maximum occur at a time when the field is about 1200 gauss and oscillation amplitudes
have been decreased by damping. The cycle chosen applies 1/4 voltage to the magnet ter-
minals for 0. 2 second, then increases it to maximum during the following 0.55 second.
This 0. 2 second time interval is sufficient to overlap the 3 low frequency regions in the
r.f. cycle of frequency-jumping. The volts-per-turn is reduced to 6.75 kilovolts/turn
and the peak r.f. voltage per unit becomes 1.13 kilovolts. A plot of the full magnet rise
cycle and the required volts-per-turn is shown in Fig. 1.3.
A full-scale prototype of one of the ferrite-loaded cavities has been constructed
to study its properties as a r.f. load. The type of ferrite used is Feramic G, chosen
for its availability. Unfortunately, delays in delivery have prevented completion of these
studies in time to include in this report. The chief problem is the arrangement of the
coupling turns linking the ferrite core, in order to obtain a satisfactory impedance match.
The r. f. amplifier design is not completely specified. Several power tubes of ade-
quate power ratings are available. A preliminary proposal for the amplifier circuit is
presented in Sec. 3.5. Further comparative studies are required to find the most effective
design, based on experiments with the full-power prototype cavity. Present cost estimates
are based on standard engineering practice and include the experience at the Cosmotron.
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Fig. 2. 3 16-ft. Double-sector
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very narrow and we would need only a
thin magnet aroundt it. We could build a
very much larger circle with the same
weight of magnet metal, and thereby ac-
celerate particles to far higher energies.
The problem is to find a way to apply
stronger focusing forces, and this was
the problem that our group at Brook-
haven undertook to solve. Focusing is
an appropriate word here, because the
forces act on straying particles in much
the same way as a lens focuses a diverg-
ing beam of light. In the Cosmotron the
focusing force is applied by the same
magnet that bends the particle path in-
to a circle. It is a question of shaping the
magnetic field. The poles of the magnet
are so shaped that the strength of the
field falls off gradually with increasing
distance from the center of the circle. As
a consequence the lines of force of the
field are concave toward the center of the
particle orbit [see drawing at top of
page 451. The effect is to provide a small
upward force from below and down-
ward force from above which controls
the vertical straying of particles. The
trouble is that the weakening of the field
in the direction away from the center ac-
centuates horizontal straying. Fortunate-
ly, some horizontal focusing is provided
by the force that bends the particles in
their circular path. But the balance is
delicate, and neither the vertical nor the
horizontal focusing force can be made
strong.
The Brookhaven group that pondered
the question included myself, M. S. Liv-
ingston, H. S. Snyder, J. P. Blewett, W.
H. Moore and others. Livingston made a
suggestion that sounded interesting.
Suppose, he said, that instead of a single
magnet around the whole circle we had
a series of C-shaped sections alternately
facing in opposite directions-the back
of one C toward the center of the circle
and the back of the next toward the out-
side. We set up equations to see whether
such an arrangement could keep the par-
ticles in a stable circular orbit, and found
that it could. What was more, we calcu-
lated that it could provide very strong
focusing forces. The poles of each mag-
net (the open ends of the C) could be
shaped so that the magnetic field in-
creased or decreased in strength very
rapidly with distance from the center of
the circle, which means that the lines of
force would be strongly concave. and
strongly convex in the alternate sectors.
One sector, with the poles sloping in-
ward, would apply strong vertical focus-
ing forces and horizontal defocusing (di-
verging) forces; the next would reverse
the slope and the forces. To our surprise,
we found that the net effect, if the see-
tors were properly spaced, would be to
focus the beam strongly, just as a series
of alternately converging and diverging
lenses focus a beam of light [see draw-
ings at bottom of page 41].
With such a setup we can use a very
mitch smaller channel, and hence a
much thinner magnet, than in the Cos-
motron. Another important aspect of the
design is that by breaking up the magnet
ring into many sectors we can kick the
particles again and again in their round
through the ring, instead of only at one
gap.
W E HAVE made a tentative design
for a "strong-focusing" synchrotron
that might accelerate particles to as
VAN DE GRAAFF GENERATOR (large tank at lower
left) injects protons into the Cosmotron with an energy
of 3.5 million electron volts (Mev). To attain full ener-
gy, the particles travel 150,000 miles around the circle.
MAGNET AND GAP of a proton synchrotron are seen
in this photograph of the unfinished machine which is
POWER FOR MAGNET in British machine comes
from tile gigantic motor-generator set pictourel ahpoe.
being built at the University of Birmingham in FIglamiil.
The magnet weighs 810 tons and is 32 feet in diameter.
The generator fiurni-he,- 12.50) amperes of current at
1.10I0 solt-. Il, fl ielhehind men) weigh, 37 ton-.
much as 100 Bev. It would have, say,
300 C-shaped magnets spaced around a
circle 2,300 feet in diameter. (The Cos-
motron's diameter is 75 feet.) Each mag-
net would be 20 feet long and 2 feet by
3 feet in cross section (instead of 8 feet
by 8 feet). In the space between the pole
tips of the magnets the particles would
travel in a pipe only 3 inches by 4 inches
in cross section (instead of 7 inches by
36 inches). The magnets would be sepa-
rated by 4-foot gaps, and in every other
gap a radio-frequency accelerating unit
would give a 6,000-volt kick to the par-
ticles as they came through. (In the Cos-
motron ring they get only one 1,000-volt
boost on each round.) This 100-Bev ma-
chine would get by with a total magnet
weight of some 6,000 tons-only twice
that of the Cosmotron and a little more
than half that of the Bevatron.
M. C. White of Princeton University
has suggested an alternative design. The
particles might be bent around the cir-
cle by magnets which had uniform fields
and did essentially no focusing, while
the focusing was performed by sepa-
rate magnets placed between the bend-
ing magnets. The advantage of this
design is that uniform fields could be
made stronger than the inhomogeneous
fields required for simultaneous bending
and focusing; its disadvantage is that
there would be large intervals without
focusing forces. It may well be that the
ultimate solution will be a compromise
between the two designs.
M ANY PROBLEMS remain to besolved before such a machine is
actually built. For example: We shall
need to find ways of economizing on
power if we are to have 150 accelerating
units of 6,000 volts each. There is the
problem of controlling the frequency
and synchronizing all those units to keep
them in step with the flying particles.
There is the problem of correcting im-
perfections in the magnets and errors in
their alignment. There is the question of
ground movements and temperature var-
iations around the fantastic 2,300-foot
ring, bearing in mind that conditions at
one side of the circle may well be differ-
ent from those at the other side nearly
half a mile away.
These problems are not insoluble;
many people are now considering them
and believe that they have, in principle,
found methods for overcoming the dif-
ficulties. The job of working out a de-
tailed design is still ahead; when it is
done the machine may look very differ-
ent from what has been outlined.
In any case these main features are
likely to remain: A magnet cross section
much smaller than that of existing high-
energy machines, and a magnet and
radio-frequency system composed of
many comparatively small, identical
components, which will lend themselves
to mass production techniques.
I q 
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MAGNETIC FIELDS in adjacent sections of a strong-focusing synchrotron
are diagrammed above. The force (arrows) on a charged particle in a inag-
netic field acts at right angles to the direction of the field (dotted lines). Thu's
a field that is concave toward the center (left) would force particles that
are above or below the midline toward this line. A field bending in the
other direction (right) would force such particles farther from the line.
1 FOOT
100 FEET
COMPARISON between Cosmotron and a proposed 100-Bev strong-focusing
proton synchrotron shows relative sizes of components. At the top left is
a cross section of the Cosmotron magnet; at right, the magnet of the pro-
posed machine, drawn to the same scale. Rectangles with crosses in-
dicate electric coils. At the bottom the building that houses the Cosmotron(right) is compared with the installation planned for the new machine.
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Chapter I
BASIC DESIGN CONCEPTS
1. 1 Introduction
A proposal to design an accelerator in the 10 - 20 Bev range using alternating-
gradient focusing was made by representatives of Harvard and M.I.T. to the Atomic
Energy Commission on October 10 and 24, 1952. Negotiations over several months
showed the desirability of a joint study by Brookhaven National Laboratory, the Cambridge
group and a group at Princeton. A letter-of-intent for a sub-contract from Brookhaven
to M.I. T. to implement the Cambridge study was dated January 26, 1953, followed by a
contract authorizing expenditures up to $75, 000 and extending to July 1, 1953.
As the design study has progressed, many modifications of the early concepts
have resulted, based on new information and more accurate calculations. The primary
reason for these changes has been an improved understanding of particle oscillations and
of orbit stability obtained from more detailed theoretical analyses. Some of the problems
uncovered have led to narrower tolerances on magnetic field uniformity and on the physical
errors of assembly, requiring more costly techniques and additional control mechanisms.
At several stages these reduced tolerances seemed to push the requirements beyond the
limit of practicability, but in each case further study led to solutions which are acceptable.
However, the requirements are stringent, high quality electronic controls are needed and
the level of engineering perfection required is higher than that in any existing accelerator.
As the final design and construction of an accelerator of this type proceeds, further diffi-
culties will probably arise as they have in the building of past accelerators; however, it
is unlikely that any of these will be insurmountable.
Some technical features of the design, on the other hand, have shown considerable
progress in simplification of the original concepts. Simple and efficient designs have
been obtained for all basic components. In many instances the power and cost estimates
have been reduced. New techniques have been devised to obtain the required precision.
Practical methods have been found to solve each of the problems inherent in this new
type of machine. In some cases, however, these solutions are adequate only for the
proposed energy range and could not readily be extended to higher energies.
A basic premise of the Cambridge design study is that the energy obtained should
be in the scientifically-interesting range. Advice has been sought from many cosmic-
ray physicists, theoretical physicists and others engaged in high-energy particle research
to establish this range. Their advice has not been unanimous but the median can be in-
cluded in the range 10 - 20 Bev. Our goal has been set for 15 Bev protons. However, a
vital factor is the cost of construction and maintenance of such a large accelerator.
In order to reduce construction and maintenance costs to a minimum designs have been
kept simple and only essential elementary components are included. A preliminary goal
of 10 - 11 Bevis anticipated for initial operations, obtained by operating the magnet at
low flux density at the start (10 kilogauss). At this field the several problems due to
saturation of the iron should not be serious. Later developments may make it possible
to overcome these limitations, and increase energy to 15 Bev or higher.
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Alternating gradient focusing offers a method of reducing the amplitude of particle
oscillations in a magnetic accelerator by a large factor compared with uniform gradient
magnets. This allows a much smaller vacuum chamber, so the magnets which supply the
guiding and focusing fields can be greatly reduced in transverse dimensions and the power
required to supply the field is correspondingly reduced. A realistic estimate of the cost
of magnet and power supply per Bev based on the present design study shows a factor of
about 1/10 that for a uniform gradient machine, although other costs cannot be scaled
down by this factor. Present estimates show the overall factor to be about 1/5. This
is a significant reduction and allows the extension to much higher particle energies at
the same cost level.
This design report is the result of a short, intensive effort to find practical so-
lutions to all problems involved in the application of this new principle of acceleration,
and to obtain a realistic cost estimate for construction. It is not intended to cover all
construction details, which can be prepared during the early stages of a construction
project. Many features will undoubtedly be modified during the final design construction
phase, to take advantage of more complete information from model studies, consideration
of alternate techniques and more detailed theoretical studies. However, the proposed
design represents our present judgment of the best and most economical procedures.
The substitution of less expensive alternative techniques may reduce costs for a few
components below the estimate. It seems unlikely that the items priced by bids would
be increased; however, some unforeseen expenses will probably develop during construc-
tion, and the allowance for contingencies is made relatively large. We believe the estimate
is on at least as valid a basis as that of the original Cosmotron estimate on which construc-
tion was authorized.
A primary purpose in making the study short and preparing this report at the present
stage of design is to provide an opportunity for speeding up the development of alternating
gradient accelerators. With this new principle of design it is clear that a new category of
accelerators is now possible, for a still higher energy range. Justification for such larger
machines will come from an appreciation of the scientific needs and opportunities at the
higher energies, but also will depend to a large extent on the success of this principle in
reducing costs. We are convinced of the importance of starting as soon as possible on
the detailed design, construption and testing of a machine to explore the problems and
possibilities inherent in the alternating gradient principle. The usefulness of this test
should not be compromised by crude designing involving excessively large factors of
safety and high material costs, just to make the original model design easy. Only by a
careful and economical design can the full savings available in the alternating gradient
principle be realized in the construction of still larger accelerators. It is this philosophy
which has guided the present design study, and it is in this sense that we visualize the 15
Bev machine as a model for higher energy. A fast start is essential if the full benefit of
the experience gained in the construction of this accelerator is to be derived in subsequent
and more expensive ones.
Several advisors have suggested a much lower energy range for a first test, of the
1 E. D. Courant, M. S. Livingston, H. S. Snyder,.Phys. Rev. 88, 1190 (1952).
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order of 1 Bev. We have analyzed this suggestion carefully and have decided that it is
undesirable. Such a machine would be significant only as a model, since several accel-
erators are in operation or under construction at 1 Bev or higher. The time required to
design, build and test it would not be appreciably shorter than for the proposed 15 Bev
size. Furthermore, extrapolation from 1 Bev to, say, 50 Bev would involve another
major design effort and considerable risk since several of the most exacting requirements
could not be tested at 1 Bev. We conclude that, despite its cost, the 15 Bev size is much
more useful as a model for still higher energies. In addition, it would be the first machine
to reach this energy range and so would be a major tool for high-energy particle research.
A further reason for the selection of 15 Bev for the design study is that the results
can fairly easily be extrapolated either down to 10 Bev or up to 20 Bev, if desired, depend-
ing upon a final decision on the desired maximum energy. It seems probable at the present
time that this choice will be somewhere between 10 and 20 Bev.
This report represents the intensive efforts of about 20 Staff Members at Harvard
and M.I. T., many of whom are professors and research scientists with other interests.
Indefinite continuation of the design study at the present high level of activity is not justi-
fied until there is greater certainty that construction will be authorized. We anticipate,
however, that further design studies will be continued at a reduced level, emphasizing
model studies on a few basic components and calculations on oscillation amplitudes. If
construction is authorized a group could be re-constituted rapidly with emphasis on the
engineering requirements.
An important difference between this accelerator and the Cosmotron is in the num-
ber of duplicate units. There are 192 almost identical magnet structures and 96 identical
coils, which justifies the use of assembly line techniques in manufacture, and which will
certainly reduce unit costs well below the figures for single items. Magnet model studies
are simpler than for the Cosmotron, requiring that only one full-scale model be developed
and avoiding scaling errors. The radiofrequency amplifier units have low ratings; they
can be studied in the construction of a single full-power prototype which will be duplicated
in 12 units by a commercial firm. The same situation applies to the 48 focusing magnetic
lenses, the 96 panels of pole face windings, the 48 vacuum pump units and vacuum cham-
bers and to other distributed components.
Wherever single systems are required they are in general of smaller dimensions
or lower power ratings than the parallel components of the Cosmotron; in many cases
designs can be taken directly from systems already developed and tested. The only sig-
nificant feature in which the present design calls for some extension in design effort is
the control, timing and programming circuits.
We conclude that most of the mechanical engineering for this accelerator would be
simpler and less expensive than for the Cosmotron; this is reflected in smaller personnel
requirements and a shorter time allocated to this type of design. Construction would involve
installation of many duplicate units of each component and can be reduced to routine proce-
dures. The delivery and assembly time for each component is spread over many months to
take advantage of this opportunity. The most important uncertainty is the effort and time
required to develop adequate control systems and to tune-up the accelerator for operations.
A minimum cost for construction including the building, assuming that everything
goes as planned, as estimated as $ 6, 200, 000; the shortest practical time estimate for
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Chapter IX
BUILDING DESIGN
9. 1 Radiation Shielding
The maximum expected high energy beam intensity can be estimated by comparison
with Cosmotron experience. At the present operating level the pulse of protons injected from
the source in the Cosmotron is 1 milliampere and the effective injection interval is about 30
microseconds; this injects about 2 x 101 protons/pulse. Of these about 1 x 1010 protons/
pulse are accelerated to high energy (2. 3 Bev), at a pulse rate of 12/minute, representing
a beam power of about 0. 7 watts.
For our case we will assume a maximum injection current of 3 milliamperes during
an effective injection period of 9 microseconds which provides 1. 7 x 1011 protons/pulse,
with a 2-second pulse repetition period. If we assume the same efficiency in capture and
acceleration as in the Cosmotron, the expected high energy beam would be 8.5 x 109 pro-
tons/pulse, and would have an average power (at 15 Bev) of 10.0 watts.
The maximum possible beam intensity can be estimated by assuming full theoreti-
cal efficiency in capture and acceleration. Capture efficiency into synchronous orbits from
a uniform distribution of ions around the orbit is about 50 per cent, with the chosen equili-
brium phase angle of 300. If there were no losses during acceleration the maximum beam
would be 8.5 x 1010 protons/pulse, and the beam power would be 100 watts.
The larger figure is unrealistic, since there will certainly be some losses due to
gas scattering, space charge effects, magnetic anomalies and imperfections in phase
focusing. If harmonic jumping is used to reduce r.f. power requirements, it will reduce
intensity to 0. 25 of starting intensity. A reasonable estimate of the losses would lead to
99
a factor of 10, and suggests a maximum beam of 8.5 x 10 protons/pulse, 4.2 x 10 9
protons/second on the average or a beam power of 10 watts. This is just that obtained by
assuming the Cosmotron efficiency. We will use these values in computing the shielding
requirements. The number of protons/pulse will be slightly smaller than in the Cosmo-
tron (0. 85), the average numbers/second will be larger (2. 1) due to the faster repetition
rate, and the power in the high energy beam will be much larger (14).
The Shielding Problem
The beam at 15 Bev will be well-focused and well-centered in the vacuum chamber if
the control and correction systems operate as planned. Targets will be inserted at chosen
locations and quickly rammed into place at chosen times; the beam can then be shifted radi-
ally to strike the target by adjusting frequency. No significant fraction of the resonant beam
is expected to hit the walls, except that which is scattered at the target. So the major shield-
ing problem will be associated with the target area.
On striking a target the primary result is a blast of neutrons, mesons, gamma rays,
electrons and scattered protons in a narrow forward cone. Uncharged radiations (neutrons,
wf-mesons and gamma rays) will project forward in this tangential direction. Charged
mesons, electrons and scattered protons will be deflected somewhat by the magnetic field
in the next sector, but considerably less than in the Cosmotron due to the narrower magnet
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gap. Most of this primary radiation will penetrate the 1/16 in. chamber wall without signifi-
cant deviation or energy loss.
A large fraction of the incident protons will be scattered in the target by such small
angles that they do not exceed the stable focusing aperture; these will continue around the
orbit and strike the target again. Others, scattered by larger angles, will escape from the
chamber within the first half-wavelength of the betatron oscillations, a distance of about
75 ft. So the chamber beyond the target is a secondary source distributed in decreasing
intensity around the orbit for this distance.
It is well known from cosmic ray evidence that the high energy radiation in this for-
ward direction will be highly penetrating. Radiation degraded by collisions or scattered at
larger angles will be less penetrating. It is also known from Cosmotron experience that
both the forward, high-energy cone and the scattered radiation will be dangerous to personnel
and harmful in experiments, and that adequate shielding must be provided. Even before de-
tailed calculations of the required thickness of shield are presented, it is possible to estab-
lish a basic design which will provide the necessary arrangements.
The accelerator will be located in a circular covered trench or tunnel building be-
low ground level, so the high-energy horizontal radiations will be absorbed in earth. Spe-
cial arrangements are proposed for the target and-observing areas to provide personnel
access to instruments. But the primary, forward beam of radiation from the target loca-
tions will be directed away from occupied areas. Overhead earth-fill shielding will be
provided as needed to protect all above-ground locations from the scattered radiation. Our
problem is to determine the required shielding for the high-energy radiations and arrange
that it will not interfere seriously with the flexibility of experimental operations, and to
determine the location and thickness of the necessary overhead shielding.
Shielding for High Energy Beam
We will attempt to estimate the fraction of the incident proton beam which makes
nuclear collisions before being lost by scattering in one or more encounters with the tar-
get. The stable aperture angle is assumed to be + 0.5 x 10-3 radians, which is the maxi-
mum allowed injection angle. At 15 Bev the thickness of a target which gives a rms Cou-
lomb scattering angle of this magnitude is 0. 36 radiation units. For example, in Al this2is 8.8 gm/cm . We take for the nuclear collision mean free path of the 15 Bev protons
in Al the approximate figure of 100 gm/cm2 (see Rossi*, pp. 500 - 508). Thus, the
fraction of the beam of protons which makes nuclear collisions in traversing the target is
0. 088. The products of these collisions form the forward cone of high energy radiation.
We will neglect any dispersive effect of the magnetic field in our calculations. Protons
which do not undergo nuclear collisions (91 per cent) will eventually be scattered out of
the beam and strike the chamber walls some distance along the orbit. The above estimate
should be valid even for very thin targets which are traversed many times by the beam.
The nature and penetration of the forward cone of radiation should be very similar
to cosmic radiation in the. upper atmosphere. However, in making comparisons certain
differences are important to note:
Rossi, "High Energy Particles", Prentice-Hall, N. Y., 1952.
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1) Cosmic radiation covers an energy range from about 2 Bev up to very high energies,
with intensity decreasing approximately as the square of the energy, at high latitudes, and
from about 15 Bev up, at the equator. However, only the higher energies (above 10 Bev)
contribute much to the secondaries penetrating to sea level, as is known from the small
latitude ratio (about 10 per cent at sea level).
2) In the atmosphere T and 1i mesons have ample space to decay. This will not be the case
for absorption in a dense material.
3) Because of 2), the Tr mesons will constitute an important part of the nuclear component;
the net result is that the effective mean free path for absorption of this component is about
twice as great as that cited for the atmosphere (see Rossi, Sec. 8. 16). The values cited
are 200 gm/cm 2 for Al and 300 gm/cm 2 for Pb. We shall use 200 gm/cm 2 for concrete.
4) Because of 2), we will have fewer ± mesons (highly penetrating) from the decay of Tr-
mesons, but on the other hand the s± mesons we do have will be more penetrating because
they will not be lost by decay, which is important in the atmosphere. +
5) Because of the successive secondary, tertiary, etc. nuclear collisions of the f -mesons,
a larger fraction of the energy of the beam will finally be converted to the soft electronic
component through the mechanism of n0 creation. .In the atmosphere the electronic compon-
ent reaches a maximum ray intensity about 25 times the incident proton intensity, at a
depth of about 200 gm/cm 2. In the case of a heavy (iron-loaded) concrete absorber we esti-
mate that the electronic component will reach 50 times the incident ray intensity with a
maximum at about 400 gm/cm 2 . In 800 gm/cm 2 of the atmosphere the attenuation factor for
electrons is 250. Our shield is twice as effective per gram, but the useful thickness is only
about 600 gm/cm 2 because of the transition region.
The following assumptions are made in order to estimate the intensity and spread
of the various components of the forward cone of radiation in the region beyond a shielding
wall:
1) The shield is 1000 gm/cm2 of loaded concrete (Z(eff) = 18, absorption m.f.p. =: 200 gm/cm 2 )
The distance from target to shield is 120 feet or 39 meters.
2) Initial nucleon intensity.is 0.088 x 4.2 x 10 = 3. 7 x 10 nucleons/second (corresponding
to the number of protons which make nuclear collisions in the target as shown above).
3) One half the nucleons formed are projected forward within a cone of 120 opening. This
is based on experimental observations of the angular distribution of the energetic shower
particles in stars (Rossi, pp. 464). (For a semi-theoretical discussion see also Fujimoto,
et. al., Prog. Theor. Phys., 5, 669 (1950)).
4) On the average for each nuclear collision in the target two w-mesons of average energy
2. 5 Bev are emitted in the 120 cone. (See Rossi, Fig. 8-10.3. pp. 472 and Table 8-8.2,
pp. 460.) The multiplicity is purposely chosen high because the table cited above corres-
ponds to a somewhat lower incident energy group.
With these assumptions and simple numerical calculations the following results are
obtained for intensities beyond the shield (1000 gm/cm 2) at 120 feet from the target:
a) Energetic nucleons and ir-mesons:
I 1/2 x 3.7 x 108 = 0.59/sec. cm2
n 2. 1 x 106 x 149
- 179 -
b) Electrons:
= 1/2 x 50 x 3.7 x 108 = 1.23/sec. cm2
e 2.1 x 106 x(250)3/2
c) p-mesons: The mean life of the average r-meson in flight at 2.5 Bev is 4. 6 x 10~ sec-
onds. Time of flight for 39 meters is 1. 3 x 10~7 seconds. Thus, the fraction which decays
in flight to form R-mesons is 0.04. From the discussion of p-meson absorption above we
can conclude that 50 per cent are absorbed in the shield.
1/2 x 2 x 3.7 x 108 x 0.04 - 7./sec. cm 2
I 2.1'x 10 6
The Safe Dose Rate
The safe daily dose recommended by the International Commission for Radiation
Protection and adopted by the Atomic Energy Commission, corresponds to 0. 3 REP (roent-
gen equivalent physical) per week. This is specified.only for the low rate of energy loss
associated with 200 kv X-rays and is to be increased by a factor RBE (relative biological
effectiveness) for radiations having larger rates of energy loss. The dosage unit 1 REP = 1
roentgen when conventional X-rays are used, and corresponds to 93 ergs or 9.3 x 10-6 joules
absorbed per gram of absorber, or to 5. 9 x 107 Mev per gram. The safe daily dose can be
expressed as:
1 SDR = 50 millirep/day = 1. 6 x 10 joules/gm sec.
The biological effectiveness of the forward cone of radiation can be assumed to be
similar to that for cosmic ray primaries at the top of the atmosphere. This problem has
been analyzed by Tobias** in a technical report for the U.S. Air Force. He shows that a
large fraction of the charged particles are of sufficiently high energy to have a minimum
ionization. In star-formation processes some heavy-ionizing products are formed, but
the number is small (8 per cent) compared with the number of minimum-ionizing particles.
(In the calculations above we find that 6. 7 per cent of the radiations are of nucleon or
i-meson type.) Moreover, the S.D.R. is defined for secondary electrons from 200 kv
X-rays, for which the ionization is well above minimum. It is safe to conclude for our case,
as for that analyzed by Tobias, that the RBE for this radiation is not significantly greater
than 1.
Observation Room Intensities
Electrons and -mesons are minimum-ionizing at these energies, losing energy at
2
the rate of about 2 Mev/gm/cm . The energetic nucleons and ir + -mesons have a greater
rate of energy loss, since they also produce stars and showers with a mean path of about
C. A. Tobias,"Radiation Hazards in High Altitude Aviation", WADC Tech. Report 52 - 119
(Wright Field), May 1952.
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100 gm/cm2. Let us take the average star to have 4 prongs with a total energy of 100 Mev,
2
plus one accompanying near-minimum-ionizing secondary of range about 100 gm/cm
Each of the heavy particles loses energy at 3 times the minimum rate on the average.
Adding all terms and allowing for the greater losses of the heavy rays we have a total loss
in tissue beyond the shield of:
En. loss = 2(3 x .59 + 1.23 + 7.0)= 20.0 Mev/gm see.
This converts to 3.2 x 10-12 joules/gm second, or about 0.2 S. D.R.
- The factor of safety is sufficient to conclude that a loaded concrete shield of
1000 gm/cm2 is adequate to reduce intensity in the forward direction of the beam of radi-
ation from the target. Protons lost from the beam by scattering will be distributed around
an arc of about 75 ft. length, so they are unlikely to produce a beam more concentrated than
the one considered from the target.
Concrete loaded with iron punchings has a density of 6. 2 and costs about 12 times
normal concrete per cubic yard. A shield 5.3 ft. thick will supply 1000 gm/cm 2 of absorber.
Normal concrete has a density of 2.3, and the shield needed is 14.2 ft. Barrite sand con-
crete has a density of 3. 5, costs 2 to 3 times normal concrete, and would have to be 9. 4
ft. thick. Minimum thickness is of great value for experimental flexibility, so we have cho-
sen the iron-loaded concrete, and have specified a 6 ft. thick wall from floor to ceiling of
the target area.
The shielding wall will have a narrow slot at the beam level through which beams of
radiation from the targets or from analyzing magnets can emerge into the observation room
behind the shield. Plans call for facing the slot with iron plates about 4 in. thick to form
the top and bottom surfaces, and the slot will be about 4 in. wide. A 4.8 ft. length of
iron is equivalent to the 6 ft. loaded concrete shield, so the plates will need to be only 5 ft.
thick. The slot will be filled with removable over-lapped iron or lead plates or bricks,
except for the small diameter channels designed for the beam. Normally no more than two
channels into the observation room would be open during operation, so the intensity within
the room will be below tolerance except in the direct beams, which would be roped-off to
restrict personnel exposure. Special beam "traps" may be located at the end of the beam
runs to absorb a large fraction of the beam intensity and reduce scattering into the instru-
ments.
The computed density of the several components of radiation penetrating the shield
2
adds up to about 8. 8 ionizing particles/second cm average. When translated back into
number/pulse it is 18 particles/pulse cm 2 . The duration of the target pulse can be stretched
to over 2 milliseconds, from Cosmotron experience, so the effective rate would be 18
particles/cm2 per 12, 000 r.f. sub-pulses. It is clear that the background will be adequately
small to operate electronic instruments, and probably cloud chambers, behind the shield-
ing wall.
Shielding for Scattered Radiation
Scattered radiation not in the direction of the forward cone is of lower energy and
its intensity depends strongly on the geometry of the shielding walls. The basic building
design, chosen to provide maximum horizontal shielding, is a circular covered trench or
tunnel building below grade level. Horizontal radiation will impinge on the outer walls of
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the tunnel and some will be scattered by angles greater than 900; this diffuse radiation will
have fairly low energy and will be absorbed largely by ionization processes. Roof thickness
is made adequate to attenuate this scattered radiation, of most importance over the target
area.
Estimates of scattered intensity at the Cosmotron during the design of the basic
shield led to a preliminary arrangement having no overhead shielding (except for a 2-foot
overlap on top of the basic shield). The intensity behind the horizontal shield, in the con-
trol room and in other areas at the upper level is now observed to be between 0. 1 and 2.0
times the safe dose rate for continuous full-intensity operation. This is in reasonable
agreement with the preliminary estimates. Photographic emulsion studies of the scattered
radiation near the control room show it to consist at least 80 per cent of low energy elec-
trons (5-10 Mev). This is similar to the degraded terminal radiation from cosmic ray show-
ers, or the mixture of neutrons, electrons and gamma rays outside the shield of a pile. The
absorption mean free path is about 30 gm/cm
2 in concrete (38 gm/cm for air, 5.9 gm/cm2
for Pb-Rossi, pp. 281).
A reasonable assumption in the estimating of scattered radiation intensity is that it
is proportional to total beam power, which may be 14 times that from the Cosmotron. If
we take the present Cosmotron power to lead to intensities twice tolerance level at the con-
trol room, with no overhead shielding, the shielding needed for our tunnel-room should pro-
vide an attenuation factor of 28. At a mfp of 30 gm/cm , a thickness of 1. 3 ft. of concrete
will reduce intensity by this factor. However, to obtain an additional factor of safety we
specify 3 ft. of concrete or the equivalent (i.e. 1 ft. of concrete plus 4 to 6 ft. of earth fill)
over the roof of the target area and the tunnel beyond for a distance of 200 ft. Even if we
assume that the radiation scattered at 900 has an appreciable component of 100 Mev pro-
tons and neutrons, the attenuation factor with this shield would be 1/30, which would still
be sufficient. For the remaining run of the tunnel an earth fill of 2 ft. above the roof is
proposed, which will bring the top of the fill about to grade level, since scattered intensi-
ties are small and no occupied areas are adjacent.
A large fraction of the scattered radiation from the horizontal high energy beam is
back-scattered from the thick outside wall of the tunnel, from a narrow band 4 ft. above
the floor. A radiation "trap" can be arranged at this level by forming a deep groove in the
concrete wall, say 4 in. high and 12 in. deep. Back-scattered radiation will be de-
creased by the reduction in solid angle and the average energy reduced significantly.
Predicted Intensities
To summarize, we can predict intensity levels with the designed shielding in var-
ious areas:
a) The primary narrow cone of radiation from a target and the forward spray from the
chamber for 75 ft. beyond the target will be quite dangerous, of the order of one safe daily
dose per pulse. Personnel access interlocks must be provided to make certain that no one
remains in the target area during operations.
b) The tunnel beyond the target area will be potentially dangerous if magnetic anomalies
cause the beam to strike the chamber wall. It should also be closed to personnel during
operations.
c) Locations inside the magnet ring in areas well away from the target may be safe for
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short periods for maintenance, but this must be determined by measurements.
d) The observation room behind the main shielding wall will be safe except in direct beams
from the channels in the shield. With all channels plugged the maximum intensity should
be about 0. 2 S.D. R. With channels open scattered radiation will increase the intensity,
varying with the size of the open aperture.
e) Laboratories and the Van de Graaff control area which are behind 30 ft. earth fills at the
trench level should be safe. Space is provided in the building design for movable concrete
doors to close off the tunnels, to be installed if needed.
f) Ground floor and higher areas in the building will all be adequately shielded from scat-
tered radiation, with an estimated maximum intensity of 102 S.D.R.
g) Tunnel roof will be well below tolerance if the machine operates as planned, but the
earth-fill shielding should be increased if occupied areas are built nearby.
The Factor of Safety
The shielding problem is a delicate one, in that many advisors feel qualified to have
an opinion. These opinions are almost always in the direction of increasing the safety fac-
tor above the designer's value, based on the truisms that attenuation estimates are inexact
and that the biological effects of radiation are imperfectly understood.
We have tried to anticipate such advice and such criticism in several ways, without
allowing it to handicap the desired flexibility for experiments too seriously.
Our basic shield is an indefinite thickness of earth at about 10 ft. below ground level.
In two specific areas this earth fill is replaced by a fixed thickness of denser shielding ma-
terial, at the slotted wall to the observation room and at the side wall of the target area, be-
tween'it and the assembly shop and laboratory. For the slotted wall we have chosen to use
the minimum thickness of iron-loaded concrete required by intensity calculations to reduce
intensities within the observation room below the safe dose level. If measurements show
this to be inadequate, the wall thickness can be increased by local shielding; an alternative
is that observers would not be allowed to stay in the observing room for as much as 8 hours
per day. The asembly shop shield is 30 ft. of earth, but has a much greater equivalent thick-
ness for the high energy radiations which strike it at a small angle; any radiations normal to
this fill would be of low energy. The same argument holds for areas at the ground floor le-
vel, in which the 1 1/2 ft. of concrete and the 4 - 6 ft. of earth fill has the same geometrical
advantage. Furthermore, the earth fill can be increased in thickness if found necessary, at
a later time.
Great harm can be done to the opportunity for future research by too rigid a specifi-
cation of shielding. If the shielding is so cumbersome that experiments cannot be performed
behind it, scientists will find a way to put their equipment in front of the shield, with tempo-
rary, movable shielding. Safety does not come by specifying extreme shielding, but by con-
trol of the scientific personnel, who will always be tempted to run out into the radiated areas
to tend an instrument if it saves time and brings results. The only personnel injured to date
by radiation from accelerators were cyclotron operators who deliberately took chances, par-
tially justified by the poor knowledge of the risk at that time. So thickness of shield itself
is not an answer to the problem of safety.
The safe dose rate enforced in modern laboratories is intended to be safe, that is, it
already has a large (though uncertain) factor of safety beyond known limits of biological dam-
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age. This factor should be sufficient to include the uncertainties in estimating intensities
in the present calculations.' It will not, nor will any specified factor of safety, protect against
unknown types of biological damage. It seems to us, therefore, that deliberate increase of
the shielding factor, above that necessary for attaining the same dose rate, is undesirable.
One further point is the estimate of beam intensity. Our hopeful calculations of beam
intensity based on a 3 milliampere injection current would seem to exceed the limit set by
space charge defocusing effects by a factor of at least 10. So unless some method can be
found to circumvent this limit, intensities behind the shields will be 0. 1 to 0.01 of those de-
rived in the shielding calculations.
Let us use one final argument to indicate what the absolute maximum shield would be.
Consider the extreme and improbable case that all of the 15 Bev protons were transformed
into R-mesons (the most penetrating form of radiation known). We will assume the most
elementary process, resulting in the highest possible 1-meson energy:
p nn n+ w + r +p+n-+n+n+i+ + + ~ v
We assume furthermore, that the -meson goes forward and the two nucleons backward in
the center of mass coordinates, and that the entire energy of the ir-meson goes into the
pL-meson. If so, the maximum energy of the R-meson would be 11 Bev. Now, the R-mesons
will lose energy only by ionization, at the minimum ionization level of 2 Mev/gm cm . So
all of the p-mesons would be absorbed in a shield of 5, 500 gm/cm2 thickness. This is only
5.5 times the thickness proposed for the shielding wall in the present machine, and is ob-
viously too thick by a large factor due to the improbable assumptions. If the exponential
law of attenuation is applied for this thickness, using 200 gm/cm2 for the mean free path,
the intensity would be reduced by a factor e-27
9. 2 Building Requirements-
The group of structures needed to house and operate the A. G. synchrotron differs
in many ways from buildings which have been built for other accelerators. A primary dif-
ference is the large orbit diameter of 320 ft. with a magnet which is itself of small cross
section. The size practically forbids its being housed in one large room, and, furthermore,
no important uses are visualized for the area inside the circle. A ring-shaped building is
suggested, with enlargements at the proper places to accommodate research activities and
the other functions associated with operations. Another significant characteristic is the ra-
diation shielding requirement, which is satisfied if the circular building is a covered trench
or tunnel with the particle orbit well below ground level. A third difference is associated
with the previous ones in that the operators cannot have and do not need a direct view of the
machine or immediate access to it. Control and operating functions can be located in a sepa-
rate compact unit, provided that means exist for reasonably good access when necessary.
Experimental research activities are strongly restricted by the necessary geometry
of the building group; the design must coordinate and centralize these activities with the op-
erating staff functions. In the proposed building design we have tried to balance the construc-
tion requirements during assembly of the machine with the optimum arrangements for re-
search activities in operations, and the latter has taken precedence in most cases of conflict.
We can identify 5 or 6 major components as:
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1) tunnel building housing the magnet;
2) target and observation areas, with the associated heavy-experimental laboratory; this
complex is used during construction for assembly and testing of the magnet units and other
heavy apparatus;
3) control, coordination and light-experimental laboratory unit for the operating staff; this
serves as the engineering. design and circuit development center during construction;
4) Van de Graaff injector housed in a spur tunnel;
5) power and equipment-services building;*
6) experimental laboratories and offices for the research staff and students during operations;
we expect that this space requirement can be met by existing buildings, at least initially.
A location in Cambridge which offers great convenience for research and which would
coordinate the new machine with existing laboratories is on a plot of land surrounding the
present Harvard Cyclotron building. This site possesses advantages both in augmenting
the future usefulness of the accelerator and in diminishing construction and operating costs.
It is close to the Harvard Physics Department (2 minutes walk) and adjacent to the laborato-
ries of the Harvard Cyclotron. It can easily be reached by car or public transportation from
M.I. T. or other greater Boston universities.
Reduced costs both in operation and in construction can be achieved by the use of ex-
isting systems for water, sewer, electricity, fire protection, guarding, etc. In addition,
many specific technical facilities in the Cyclotron laboratory such as a technical reference
library, specialized shop equipment, etc. need not be duplicated. The possibility of utilizing
laboratory space both in the present Cyclotron laboratory and in the old Gordon McKay lab-
oratory markedly reduces both the size and the cost of the new buildings.
The most satisfactory method for grouping the new buildings closely about the exist-
ing Cyclotron is to have the tunnel building pass under the narrow "waist" of the Cyclotron
building where the foundations are shallow. This requires that the tunnel be at a slightly low--
er level than if it did not pass under the building. However, study of alternate arrangements
shows that they do not provide as compact a grouping and that other expenses involved in mov-
ing existing buildings and facilities would be largely offset by the advantages of the chosen lo-
cation. In addition, the excellent shielding provided by the deeper tunnel is a desirable
feature.
Tunnel Building
For the circular tunnel we have chosen dimensions of 16 ft. width and 10 ft. clear
ceiling height. The 160 ft. radius orbit circle is located 6 ft. 6 in. from the inner wall and
9 ft. 6 in. from the outer wall. This provides a clear 8 ft. passage around the outside of the
magnet (for truck access if necessary) and a 5 ft. space on the inside for location and main-
tenance of pump stations and r.f. acceleration units. The floor is a thick concrete slab sup-
porting the side walls and the magnet piers. It is 14 ft. below average ground level. The
magnet is mounted on piers with the particle orbit 4 ft. above the floor, so the beam will be
about 10 ft. below ground level. The roof is an 18 in. slab of concrete and the prescribed
2 - 3 ft. of earth fill over the roof will bring the top of the fill to average ground level. A
cross section of the tunnel is shown in Fig. 9. 1.
Basic electrical services and cabling for controls are carried in a rack of wall race-
ways on the inner tunnel wall, with covered trenches in the concrete floor crossing the inner
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passage at each magnet straight section, at about 21 ft. intervals. A drain trench in the
floor is located just under the magnet, and the floor is pitched slightly toward this trench for
drainage. Water inlet and outlet manifolds of copper piping are mounted on the inner faces
of the magnet piers in a vertical stack, with outlets and manually-operated valves at each
straight section. Copper bus bars for magnet power distribution (all magnet coils in series)
and a heavy copper grounding strap also encircle the tunnel located on the outer faces of the
magnet piers. Structural steel tables for supporting lenses, ferrite cavities and target cham-
bers at the straight sections straddle these pipes and bus bars.
Air conditioning needed for the protection of electrical circuits, and heating, are dis-
tributed by ducts from a source in the power and services building. Acoustic conditioning
will be provided for local pump and motor stations in the tunnel; the primary noise sources
are confined to the power building. Illumination is planned to be at moderate levels, with
additional manually-controlled spotlighting installed at each straight section.
An overhead crane system gives coverage of the circular tunnel, with either two 10-
ton hoists or one 3 ton hoist as required. Details are given in Sec. 9. 3 on Materials Hand-
ling. Access to the tunnel for the hoists is provided by 10 ft. wide spur tunnels, with the
crane rails linked by monorails. Personnel access'is arranged at 3 or 4 additional loca-
tions, including separate entry to the Van de Graaff spur and the power building.
Target and Observation Areas
The target area, with its intense radiation levels, is removed to a practical distance
from other occupied regions, and a large space is made available in the tangential direction
from the targets for mounting beam-analyzing equipment. This space includes two succes-
ive target ports (separated by 4 magnet sectors) for alternative experimental locations. The
open target area terminates in a 6 ft. thick shielding wall (12 ft. concrete equivalent) 50 ft.
wide, through which a narrow slot allows beams to enter the observing room behind the
shield. Either target beam can be used to obtain a spray of deflected charged particles, pro-
duced by analyzing magnets, which will pass through the slot. One beam is adaptedfor the
analysis of positive particles and the other for negative ones. Neutral radiations from the
No. 1 target can also enter the observing room through the slot.
It is desirable that the shielding wall be as thin as possible for experimental flexi-
bility, and that the channels should be readily adjustable in location and direction. We have
proposed (Sec. 9.1) iron-loaded concrete to reduce thickness to 6 ft. The slot between up-
per and lower concrete beams is faced with solid steel plates for which the equivalent thick-
ness is about 5 ft. The open slot will be 4 in. high. This slot can be filled with steel plates,
or blocks, designed with overlapping joints to cover cracks between surfaces. Several pro-
posals have been investigated for using blocks, plates or rotatable flat cylinders to provide
the adjustable channels, with solid shielding at other points. A detailed design can be devel-
oped later; cost estimates are based on the cost of a sufficient amount of machined steel
plates to fill the gap.
The target area is served by the two 10-tonhoists on a monorail system, described
in Sec. 9.3; these will be important in mounting analyzing magnets.
The observation room behind the shielding wall is conceived as a location for experi-
ments requiring low background radiation intensity and utilizing the analyzed beams coming
through channels in the wall. It is wide (60 ft.) to allow deployment of many instruments,
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and deep (80 ft.) to provide space for further analyzing equipment, angular distribution
measurements and time-of-flight studies. Instruments might include cloud chambers, ana-
lyzing magnets, scintillation counter telescopes, etc. Electrical power, wdter, drains, com-
pressed air and experimental circuit outlets will be conveniently located on walls and in
floor outlets. Overhead crane coverage is provided by the two 10-ton hoists servicing the
tunnel. The only known limitation on experiments is the height of the beam, which is 4 ft.
above floor level.
Both the observation room and the target area will serve as additional assembly
space during construction, and the heavy hoist coverage allows this space to be used for any
of the assembly operations, or for testing of components, or for storage of components be-
fore mounting in the tunnel.
A large assembly shop with a high 20-ton overhead crane is located at the basement
level parallel to the target area and separated from it by a thick (30 ft.) earth fill, with close
connections (including the hoist monorail system) to both the observation room and the mag-
net tunnel. This shop serves a dual purpose. During construction it would be the main as-
sembly and test area for the magnet sectors; it would also be available for machining or
welding as required. In operations this shop becomes the heavy experimental laboratory for
construction and assembly of large detection equipment such as cloud chambers and analyzing
magnets. It also serves as a testing and repair bay for equipment brought back from the ob-
servation room or target area. Such space is essential for the maintenance of the machine
and the detection equipment. At this time, also, it may be used for a few heavy machine
tools such as boring mills or coil-winding machines, as required for the experimental pro-
gram.
The arrangements described above for the target observation experimental labora-
tory complex, at the tunnel floor level, are illustrated in Figs. 9. 2 and 9.4.
Control and Experimental Area
An operator's console will be featured in a large room at a convenient location well
shielded from radiations. The console can be designed for all necessary meters, switches,
pilot lights and control adjustments, compactly arranged for one-man operation. Sub-floor
cabling for the control circuits and a neat layout should make this room capable of holding a
considerable number of scientists or visitors if desired. It may well prove to be the com-
munications center for much of the experimental research, and should be large enough to
accommodate recording instruments or another console for the scientific observers. A suita-
ble visitor-control system should be included in the design, such as an adjacent reception
room with a large window through which visitors can watch the scientists and operators at
work.
A control-circuits and timing-circuits room should be located adjacent to the con-
trol room, with adequate space for the many racks of circuits required. Sub-floor wiring,
shielded cabling, power supplies, adequate ventilation for cooling and a floor capable of
heavy loads are some of the requirements.
The electronics laboratory should be placed at a convenient location relative to the
circuits room, where engineers and technicians can build and repair the control circuits.
The emphasis on control circuits in this design suggests that the electronics shop be large
enough to serve 8 to 10 technicians and several supervisors.
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The Headquarters Office, with rooms for the Director, Project Engineer, Adminis-
trative Aide and secretaries, should be within reasonable distance from the control room,
and might be coordinated with the reception facilities. Offices for other Staff personnel, a
drafting room, electronics stock and instrument room, and space for laboratories and of-
fices for scientists and students can be grouped around the central control area.
Ready access should be provided between the control area and the heavy laboratory
at'the tunnel level. This suggests that the control area should be located at ground level
close to or over the basement space. Facilities must be provided for moving equipment
such as detection instruments and their control systems between levels.
In our choice of site, we have assumed that the Harvard Cyclotron building would
supply most of the space needed for experimental laboratories for scientists and students.
An important point in our plans, therefore, is that the control area be located as close as
possible to this building. In anticipation of this opportunity, we have reduced the experi-
mental laboratory space in the new building to a minimum.
Alternate proposals for this ground floor "control and experimental" area are shown
in Figs. 9. 3 and 9.5.
Van de Graaff Housing
A spur tunnel which is tangent to the circular tunnel is proposed for the injector. The
direction is such that the beam must be deflected (by an analyzing magnet) by 200 to 300 at the
base of the Van de Graaff generator, and then approach the injection straight section at an an-
gle of 50 outside the tangent. The location of the injection straight section determines the po-
sitioning of the injector spur tunnel, and it must be at some multiple of 4 magnet sectors from
the target location (or some multiple of 300 azimuth) in order to fit into one of the available
straight sections. We have chosen to place the injector 600 ahead of the first target, so that
the radiation level at the injector will be low, and so that it will fit.conveniently into the build-
ing complex.
A local operating station for the Van de Graaff is provided just off the spur tunnel.
Duplicate -controls are mounted on the operator's console in the main control room. We be-
lieve it unlikely that a local monitoring operator will be required at the Van de Graaff, and
so have not specified heavy shielding sufficient for full time exposure.
In order to be prepared to change to a Linac if and when it is shown to be more prac-
tical for an injector, the location is chosen such that the spur tunnel can be extended for 150
ft. if necessary to house the Linac.
Power Building
The magnet power supply, including the motor-generator-flywheel unit, ignitron bank
and controls, is located in an acoustically-treated section of the power building. Generators
for lenses, pole face windings and general power supplies, the electrical power distribution
panel, water pumps and heat exchangers for cooling circuits, air compressor, refrigerator
system, air conditioning system and all other building services will be located in this build-
ing.
Space studies show the need for a 1 floor, building of about 6000 sq. ft., with access
stairs and a cable and piping passage to the tunnel. We believe this building should be in-
side the circular tunnel at ground level. It should not be opposite the target area (to avoid
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high radiation levels in the access passage) and we suggest that it be located opposite the
Van de Graaff spur. A fenced transformer yard can be located outside the building for in-
coming power transformers. The cooling tower for the heat exchangers and air conditioning
system can be placed on the roof.
9. 3 Materials Handling System
The basic requirements of the materials handling system, and the proposed arrange-
ments, are as follows:
1) The receiving platform, where all items for the project will be delivered, is at the floor
level of the above-ground section of.the building. A truck ramp is excavated to bring trucks
in at platform level. The platform is served by a 20-ton cirane which rides out over the crane
in the assembly room below, so incoming loads can be transferred directly. Many of the
units, such as the 4 ft. magnet sectors, will first go to the assembly shop; others miy go
dire.ctly to the tunnel; lighter components may go to the ground floor laboratory area.
2) An overhead electrically-operated traveling-bridge crane is proposed for the assembly
area. It should be rated for 20 tons (the assembled 16 ft. magnet sectors weigh 16.5 tons)
with a hook height of 12 ft. above floor.
3) A tunnel lift capacity of 20 tons can be provided by two 10-ton hoists arranged in tandem
so both are used to handle the 16 ft. magnet sectors, in order to reduce tunnel ceiling height.
The designed hook height of 6 ft. 8 in. is sufficient to transport the magnet sectors and mount
them on their piers. The crane bridges are movable sections of monorail, top-running on
the inner wall and underhung at the outer wall, to provide switching connections at the access
tunnels. The two bridges will be linked together with an 8 ft. spacing when the two hoists
are used to carry a 16 ft. sector; they can be disconnected if desired for single 10-ton op-
erations. Hand-operated chain hoists are proposed (to conserve head room) with electric
drive for transport around the tunnel.
4) Access must be provided for the two 10-ton hoist units from the tunnel to the assembly
shop, under the 20-ton crane. This is possible by using monorails hung from the ceiling
in the access tunnels. The same arrangements are used to provide monorail coverage of
the target area, and to connect with a 3-runway crane in the observation room. This latter
crane will travel on four 12in.beams suspended from the ceiling to allow full coverage of the
observation room for the two 10-ton hoists.
5) Full-width coverage of the tunnel for lighter loads and a higher lift is needed for handling
pump stations, r. f. accelerator units, etc. To serve this need a light trolley runs on top of
the 10-ton crane beams carrying a 3-ton electrically-operated hoist, with an 8 ft. 8 in. maxi-
mum hook height.. This is sufficient to maneuver such units over the magnets or across the
straight sections. It will remain in the tunnel, traveling on the crane beams, and loads can
be transported into the tunnel by the larger hoists on the monorail system, and transferred.
The crane lay-out for the handling system is illustrated schematically in Fig. 9. 6.
Ceiling heights of the several below-ground areas are set by the crane clearances
required. The tunnel has a 10 ft. ceiling; access tunnels are 9 ft. high so monorails are
mounted flush on the ceiling; the observation room is about 10 ft. 9 in. high to provide space
for the deeper beams needed as rails to span the width of the room.
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9.4 Space Requirements
The gradual development of building plans has resulted in good estimates of the space
requirements for the several building components. The excavated areas at tunnel level have
been increased significantly over' original estimates to provide space and flexibility for ex-
perimental studies, with emphasis on large unrestricted areas behind the basic shield and a
large experimental laboratory for construction and maintenance of the heavy experimental
equipment anticipated. The control-engineering-laboratory area has been designed to house
the maintenance staff comfortably, but will be a tight squeeze during the accelerator con-
struction period. The power and services building may have to be expanded above the esti-
mate if space 'requirements for the equipment exceed present estimates. No space in addi-
tion to existing buildings is planned for experimental research offices and laboratories; pos-
sible expansion of these activities in operations may justify a future additional wing for these
purposes. The space study shows:
Excavated areas: sq. ft.
Tunnel building 16,000.
Target area 2,400.
Shielding wall 400.
Observation room 5, 200.
Van de Graaff spur tunnel 1, 000.
Access tunnels 1,000.
Assembly shop and labs 4, 000.
30, 000.
Control Complex:
Control and circuits rooms 900.
Headquarters, offices, recept. 1,400.
Electronics labs and offices 1, 300.
Engineering labs and offices 1,400.
Hallways, service areas 1, 000.
6, 000.
Power and services:
Power and services building 6, 000.
Ventillation and access huts 750.
Passages and stairways 250.
7, 000.
Research labs and offices -------
Total floor area - 43, 000. sq. ft.
Total cubic volume - 714, 000. cu. ft.
9. 5 Architects' Cost Estimates
Two teams of architects were used to assist in planning and to make building cost es-
timates. Bastille-Halsey Assoc., Boston, supplied the experience of a professional archi-
tectural firm. Also two M.I. T. graduate students in Architecture, Mr. John Williams and
Mr. Peter Floyd, were offered the opportunity to use this building design as a thesis prob-
lem. Both teams were given all available information on space requirements and functional
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relationships.
The location of the accelerator buildings relative to the Harvard Cyclotron was modi-
fied several times during the course of the study. Several of the alternatives are acceptable.
One team adopted the clockwise sense of particle rotation, which determines the arrangement
of the other building components, considering certain site limitations; the other team used
the counterclockwise orientation, based on other considerations. The two designs are essen-
tially equivalent, except for the mirror-image reversal of the basic structures. The choice
can be left to a later decision.
Fig. 9.1 is the tunnel cross-section, common to both designs. Figs. 9. 2 and 9. 3
show the Bastille-Halsey arrangement, which provides an attractive interlocking of the con-
trol-laboratory building with the existing Cyclotron building. Figs. 9.4 and 9.5 show the
Williams-Floyd proposal, which features a larger experimental laboratory at the tunnel le-
vel. Fig. 9.6 illustrates the arrangement of hoists and craneways of the materials handling
system.
Cost estimates by the students, Williams and Floyd, were obtained from published
cost data on industrial construction ("Building Construction Cost-Data, 1952", by Robert S.
Means, Duxbury, Mass.). Such items as heating, plumbing and electrical costs were esti-
mated as: 10 per cent of structure cost, 4 per cent of structure cost and $ 1.05/sq. ft. floor
area, respectively. When their estimates are adjusted by more detailed considerations ana-
lyzed by Bastille-Halsey, the total is $940, 000.
The more precise cost estimates of Bastille-Halsey are based on present cost levels,
and have been obtained by detailed estimating and pricing. Special items due to the unusual
character of the building are included, such as preparing the site, tunneling under and tying
to the existing Cyclotron building, air conditioning requirements, a cooling tower, the elec-
trical power substation, etc. Their final estimate shows a total building cost of $ 1, 150, 000.
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9.6 Crane Lay-out for Materials Handling System
Chapter X
PERSONNEL REQUIREMENTS
10.1 Design- and Construction
The number of scientists and engineers needed for engineering design, supervision of
construction and installation and for testing and tune-up depends largely on the quality and ex-
perience of those employed. It also depends on policy decisions as to how much authority is
delegated to the staff. We will assume an organization similar to the Cosmotron Project at
Brookhaven, with full responsibility for design, contracting and authorization of payment rest-
ing in the design staff. All scientific and engineering design would be done by the profes-
sional staff or under its direct supervision. Sub-contracts for component construction would
be let to commercial firms wherever this can be done and maintain quality.
The design staff would be assisted by a larger number of technical helpers such as
technicians for model studies, for assembly and for testing, of machinists and mechanics
for construction of those components not sub-contracted, draftsmen, etc. Such technical
staff would be assigned (temporarily) to-a component team under one or more of the super-
visory staff members. Each team would be restricted, in general, to a single component,
to follow it through construction and testing. In some cases the scheduling will allow for
technicians to be transferred to another component in the later stages.
A small number of permanent service employees are assigned to the project as a
whole, such as secretaries, janitors and stock-room clerk. The headquarters staff is also
treated as a separate component in its coordinative function.
Most of the component teams will require an increase in number of technical per-
sonnel during the construction period, not essential during design and testing. These tem-
porary employees will be distributed in time and between jobs to fill the needs. Also re-
quired is a labor force for installation.
An estimate of the number -of personnel required in the categories described above
is given in Table 10. 1, broken down into the major components to show the distribution of
skills. To a considerable extent the estimate follows experience at the Cosmotron, and the
total numbers are roughly the same. However, there is some difference in the relative
number assigned to the several components associated with the different design.
Table 10.1
Personnel Requirements for Design and Construction
Professional Technical Construction
Headquarters:
Director, Proj. Eng., Adm. Aide 3
Secretaries, stockroom clerk 3
Theoret. Phys., computer 1 (1)
Draftsmen 2 2
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Table 10.1 - Contd.
Professional
Janitorial
Magnet and Corr. Systems:
Phys., Mech. Eng.
Technicians
Assembly and Installation
Elec. Eng., Tech. (power)
R adiofrequency Accelerator:
Phys., Radio Eng.
Technicians
Installation
Injection:
Phys., Oper.
Technicians
Machinists
Vacuum System:
Mech. Eng., Techn.
Machinists
Controls:
Elec. Eng., Designers, Tech.
Electricians
Cooling syst. Constr.
Labor:
Assembly and Instal.
Totals:
Technical Construction
2
2
2
1
3
2
4
2(1)
3
1
1
3
2
1
(1)
1
1
3
(1)
1
2
2
3
6
2
4
1
1
3
2
2
(1)-
15
10
4525
Numbers in parentheses ( ) represent.personnel temporarily detached from other responsi-
bilities to do the job, and so are not added in the total. A study of the time schedule for
construction, Sec. 11. 2 shows this to be practical. We also assume that the average length
of employment of the full-time staff is 2 1/2 years, since it will require about 1 year to build
staff to maximum. Detailed analysis of the time schedule shows that the average employ-
ment for construction personnel is 1 1/2 years, and of the labor force 1 year.
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A breakdown into categories for estimating salaries shows:
5 Supervisory $ 9, 000/yr. $ 45, 000/yr.
10 Engineering 8, 000/yr. 80, 000/yr.
20 Technical 5, 000/yr. 100, 000/yr.
5 Service 4, 000/yr. 20, 000/yr.
40 Permanent Staff (2 1/2 yrs ) $ 245, 000/yr. $612, 500.
35 Construction (Av. 1 1/2 yrs.) 5, 000/yr. ea. 262,500.
10 Labor (Av. 1 yr.) 4, 000/yr. ea. 40, 000.
85 Total $915,000.
10.2 Operating and Maintenance Staff
The design and construction staff should make a smooth transition through the tune-
up stage to operation for research, without a major shift in essential engineering personnel.
Cosmotron experience shows no significant change in the number or quality of full-time staff
required for maintenance, and it is obviously better to keep experienced personnel on the
job. An estimate (below) of the operating and maintenance staff needed, of 12 professional
and 20 technical employees, would represent normal attrition expected from the correspon-
ding numbers of 15 professional and 25 technical people required for the design and construc-
tion phase.
In addition to the technical staff, we expect the usual large number of part-time staff
and student help available at a University among those engaged in research using the accelera-
tor. Harvard and M.I.T. will supply the large majority of research personnel, but other ins-
titutions in the New England area have indicated their desire to participate. The research
staff would assist largely in such problems as beam tune-up, modifications of operation,
target assemblies, shielding changes, etc. Moreover, we expect that most research appara-
tus would be built in other University shops and laboratories, so the demands on the accel-
erator facilities will not exceed the level during construction.
Maintenance Staff:
Professional Technical Service
1 Project Director 1
1 Project Engineer 1
1 Administrative Aide 1
3 Division Heads 3
(Phys., Electr. Eng., Mech. Eng.)
3 Assistant Scientists or Engs. 3
1 Theoretical Physicist 1
1 Electrical Eng. (power) 1
4 Electronic Technicians 1 3
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Technical Service
3 Operator Technicians 3
3 Mechanical Technicians 3
4 Machinists 4
2 Draftsmen 2
1 Stockroom Clerk 1
2 Secretaries 2
2 Janitors 2
32 Total 12 15 5
Experience at the Cosmotron indicates that a second shift in operations can be han-
dled by a-crew of 1 supervisor and 4 technician-operators. It seems probable that if the ma-
chine is in sufficiently good maintenance condition to allow two-shift operation, this second-
shift crew could be subtracted from the day crew listed above. So the staff listed represents
an adequate number to maintain 15 - 16 hour operation. Maintenance is best handled by as-
signing regular days (or half-days) when accumulated repairs can proceed in parallel; the
staff above should be adequate for all normal repairs and modifications.
Maintenance Salary Budget:
5 Supervisory $9000/yr. $ 45,000.
7 Engineering 8000/yr. 56,000.
15 Technical 5000/yr. 75,000.
5 Service 4000/yr. 20,000.
32 Total $ 196, 000/yr.
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THE DESIGN OF A 15-BEV ACCELERATOR
LABORATORY ON AN OPEN SITE
Revisions to Program and Solution
required by an out-of-town Location
for the Accelerator
BASIC REQUIREMENTS
The principal philosophy that has guided design of housing for the
15 Bev Accelerator throughout the entire planning process is the separation
of the experiment area or observation room, from the accelerator itself, by
a permanent shielding wall. This allows personnel to be in the same room as
the experimental apparatus while the synchrotron is in operation without
danger from radioactivity, as the beam is confined to specific areas by
selected channels in the shielding wall. This is one of the main differences
between this installation and other existing accelerator laboratories, in
addition to the differences associated with the extreme size and shielding
problems involved in this machine. This arrangement of shielded experimental
space, the relationship between the primary elements that compose the accelerator
laboratory and the intensity of radiation are shown on the following diagrams:
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BUILDING SITE
The location of this facility on a level open site, out of town, offers
many advantages, in spite of the extra cost involved in reproducing certain
facilities already existing at the Harvard cyclotron. The open site eliminates
the restrictions on planning forced by the requirement to fit around and under,
and coordinate with the existing buildings. By not having to place the
accelerator tunnel completely below grade to pass under a portion of the
Harvard cyclotron laboratory a sizeable saving in excavation can result, as
well as improved access to below grade areas. Location of the beam 4' below
grade is still necessary for adequate shielding plus earth banked over the
tunnel roof. The open site also leaves much room for expansion of research
facilities, including additional observation areas around the periphery of
the tunnel, and extension of the main observation room for particular
experiments. The Harvard site offered practically no room for such expansion.
The cost of reproducing lab and office space already provided in the
Harvard cyclotron and the cost of furnishing certain utilities that are
provided at the Harvard site is no small factor. However, this disadvantage
is balanced by the improved planning and other economies of an open site, and
the fact that these facilities can be tailor-made to fit more closely the
requirements of an ideal laboratory. Access to the new laboratory by
personnel of M.I.T. and Harvard can be handled in much the same manner that
M.I.T. Lincoln Project is tied to M.I.T. by extension telephone and shuttle
bus service.
MATERIAL FLOW
A factor that has had a considerable influence on planning is the movement
of heavy materials. During the construction phase, lasting approximately
3 years, the 16-ton accelerator magnet units are finished and assembled in the
permanent shop and the temporary shop in the observation room, and moved into
the tunnel for installation. After the machine is completed and tuned up
research operations begin, which will require daily movement of 10-ton magnets
used for analyzing the beam after it leaves the accelerator in the target area
and other experimental work in the observation room. Heavy cloud chambers and
other experimental apparatus must be moved around within the shop where they are
built, and. must be set up in the observation room.
describes these circulation patterns:
The following chart
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The movement of material in the heavy shop areas will be handled by
20-ton capacity overhead travelling cranes. As for transportation from shop
to observation room and from shop to tunnel and target areas two alternatives
have been discussed. The Cambridge Design Study Group report has explained
the overhead crane delivery system for tunnel transportation. The other
alternative is a rail delivery system utilizing narrow gauge railway flat
cars for carrying the magnets.and special hydraulic lift platforms for lifting
the magnets and placing them on their supports. The hydraulic lift equipment
would even be needed in a complete overhead crane system, to reach corners of
the target and observation areas not accessible by overhead cranes. From
time to time it will be necessary to remove magnet units from the synchrotron
for repair. and substitute spare units. As it is important that the other
units must not be disturbed while moving through the tunnel a rail system
was provided to serve as a guide for moving heavy units safely. A battery
powered lift-truck with retractible guide wheels would serve as motive power
as well as performing other valuable functions in the laboratory.
The electronic apparatus for powering the 12 R.F. accelerator units and
other functions and the 48 vacuum pump units all located on the inside of
the orbit can be lifted over the synchrotron magnets by a special boom
attachment on a standard lift truck or by a small mobile crane. These units
will not exceed 1 ton in weight so can be easily handled by such equipment.
The drawings and model give a more complete description of these processes.
The electronic or pump units are carried to the shop by rail where they may
be lifted to the electronic shop on the 1st floor level by the shop crane or
by elevator. Racks of electronic equipment prepared in the various research
laboratories can be brought to the proper level by elevator and moved to the
observation room or control room on their own wheels.
The installation of the large motor generators in the power building
would be handled by riggers. A 10-ton overhead crane is provided for moving
smaller generators, rectifiers, and electronic equipment that are liable
to be changed occasionally.
ELECTRICAL AND MECHANICAL SERVICE CIRCUITS
The principal services that must be carried through the laboratory are:
1) Low voltage control and detection circuits.
2) High voltage, high current power supply for Synchrotron.
3) High current D.C. for experiment magnets.
4) A.C. and D.C. power at selected voltages in all labs, shops, and
experiment areas.
5) Light.
6) Telephone and loud speaker communication.
7) Cooling and Heating circuits for building.
8) Cooling water and refrigerant for synchrotron, magnets, and
vacuum pumps.
9) Natural gas, compressed air, and other gases to labs and shops.
Most of the building services will be installed in conduits and permanent
fittings. All other services feeding the synchrotron, and experiment areas
will be carried in open raceways and racks allowing maximum flexibility and ease
of access. The principal circuits are diagrammed as follows:
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The control and circuit room is designed for underfloor cableing,
utilizing removeable floor panels. The power building has steel grating
floors which may be removed or rearranged to suit mechanical changes and for
ease in running circuits. The Van de Graaff, target, tunnel, observation,
room, shop areas, and basement of power building, have a network of shallow
trenches for wiring, cooling water, etc. Tunnel services are carried on the
inside wall in open raceways.
Inter-connection of services to the various elements was not given emphasis
by the Cambridge Design Study Group, so a more detailed study has been made for
this off-campus building site. For maximum accessibility, enclosed passage-
ways furnishing cable and pipe space on the walls and under the floor connect
the control, power, Van de Graaff, and tunnel elements. These passageways
run above grade to keep clear of earth radioactivity shielding. They are
wide enough to serve as personnel access between the elements, such as providing
safe access to the tunnel, inside of the orbit, for technicians who must adjust
electronic equipment.while the synchrotron is running at lower energies. The
passageways terminate at vertical concrete shaftways providing stairs and
space for dropping cables and pipes. The concrete structure of these shaftways
anlfof.the tunnel air conditioning huts of similar construction serves to shieid
stray scattered radiation coming from the tunnel area. The vertical shaft at
the Van de Graaff (injector) provides shielded space for a sub-control station
for tuning and adjusting the Van de Graaff preparatory to starting the synchrotron.
VISITOR CIRCULATION
An important consideration of a facility of this type is the handling
of visitors. The visitors include government officials, scientific personnel,
and representatives from other departments of the universities associated
with this project. As the staff desires to keep the synchrotron running
full time it is impossible to take visitors into radioactive areas. Adequate
space for viewing the tunnel -- expressed by the earthwork shielding, and an
area to view the control room without interference with operations have been
provided. It is also possible to show visitors the power room and main shop.
These viewing areas are closely connected with the conference room - auditorium
and the administrative offices. See the following diagram:
CS P /CULA TION
par k9 arec1
V/S/ TOR
THE STRUCTURE
All areas associated with radioactivity -- Tunnels, Target, Van de Graaff,
and Observation, and other below grade spaces -- are built of reinforced
concrete. The mass provided by the concrete provides excellent shielding.
The superstructure of the Shop - Lab - Office unit, the control unit, and the
power building are steel framed -- not fireproofed. Fire protection is
provided by a sprinkler system. The structure is designed for quick construction
and allows a certain amount of flexibility for future changes, a particularly
important item in the power room. The floor and roof decks are concrete on
light gauge sheet steel deck. The walls are skinned in prefabricated porcelain
enamel insulated panels and glass, supported by extruded aluminum mullions.
All windows are sealed double glazing in the Shop - Lab - Office wing and
control unit as these spaces are fully air conditioned. The power room is
not air conditioned so will have single glass with ventilator sash. The
glass areas in all possible research lab space have been kept small to allow
easy light control for ease of viewing oscilliscopes. However, the shop area
requires a considerable amount of natural light so large windows have been
provided. The prefabrication of much of the superstructure should considerably
speed erection, giving shop, lab and administrative space on the site early in
the project. See time schedule following:
TIME SCHEDULE FOR CONSTRUCTION
Magnet - - - -- +X
Coils -- + 4 +X ** * X X
P'w'r. Supply - - + +X - *
Pole Face +Windings
Lenses -- - -
Lens Power -+X -
Supply
Ferrite - - -X
r.f. Amp. -+ + + x
r.f. Power ++X
V.de G. - + X
Inject - + - X X X X
Vacuum ---- - ++X
Console ++ ++X-
Controls - -
BEAM
0 6 12 18 24 30 36
TIME - MONTHS
11. 1 Time Schedule for Construction
SPACE REQUIREMENTS
Continuing the philosophy of designing an ideal laboratory facility
for the proposed 15-Bev accelerator on an out-of-town site, space require-
ments have been revised upward. These revisions are based upon early
discussions of space allocations where minimum requirements were set forth,
and upon observation and study of similar facilities at Brookhaven, M.I.T.,
Harvard, and Cornell. Areas for assembly of Synchrotron components during
the construction period, have been increased considerably to allow more
efficient work. After construction is complete these spaces provide valuable
area for preparation and storage of experimental apparatus. The location of
this project away from- existing laboratories and university facilities also
requires additional uses to be housed and a considerable addition in floor
area. The principal items in this category are research labs and offices,
which were to be provided by the Harvard Cyclotron laboratory, and a heating
and cooling plant. The revised space study shows:
Operating Areas
Synchrotron tunnel 16,000 sq ft
Target area 2,400"
Shielding wall 400 "
Observation room (temporary assembly area) 7;000 " "
Van de Groaff tunnel 1,500 "
Access tunnels 2,000 "
Power and services building 10,000 " "
Air conditioning and access huts 1,000 "
40,300
Control Area
Control 700 "
Circuits 1,000 " "
Detection 400 ' "
Control work room 400 " "
Control viewing 600 " "
3,100
Preparation Area
Shop and experiment preparation 6,000 sq ft
Stock storage 500 "
Tool crib 300 " "
Receiving room 400 "
Electronic shop and stock 1,6oo " "
Electronic design 370 " "
Engineering design 370 "
Administration:
Reception 600 " "
Auditorium-conference 900 " "
Staff lounge and kitchen 900 " "
Directorts office 200 " "
Project engineer 200 "
Administrative aide 200 " "
Secretaries 200 "
3 Division heads (3 @ 150 sq ft) 450
Assistants 450 " "
Seminar room 300 "
Library 450 "
Research staff offices 2,000 " "
Research labs 3,200 " "
Dark room 250 " "
Toilets, lockers, health, first aid 800 " "
Corridors, stairs, passageways 3,800 "
24,440
Total floor area: 67,840 sq ft
CONCLUSION
The present design for the 15 Bev accelerator is expressive only of the
current reigning conditions for the operation of such an installation --
and is only the final one of a great number of drastic changes which have
marked the development of the design. Most of these changes are direct
results of new physical research information on such factors as radiation
and materials handling. Some changes relative to siting have also caused
major variations.
Despite the continued fluidity of the program we are positive that the
inclusion of the architect in the design group for the initial exploration
was most valuable, and it was obvious that even in the earliest stages, there
were many occasions when we were able to make a positive contribution to the
most efficient and economical arrangement of complex. It was also proved
that diagrammatic scale models -- readily sectionalized -- were a
valuable reference in group discussions at all levels.
Finally, we feel that the opportunity to follow the general evolving of
the client's requirements over a comparatively long period has enabled us
to produce a design that equally satisfies the physicists' functional demands
and provides a satisfying architectural expression to the whole.
1:
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